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ABSTRACT 

Detonation  properties  in  steady,  one-dimensional, 
equilibrium  flows  have  been  calculated  for  hydrogei. -chlorine , 
carbon  disulfide-oxygen  and  carbon  monoxide-hydrogen-oxygen- 
nitrogen  mixtures  at  an  initial  temperature  of  25°C,  initial 
pressures  in  the  range  from  30  to  760  torr  and  various 
initial  mixture  compositions.  Experimental  velocities  in 
stoichiometric  (H2+CI2)  and  (CS2+3O2)  mixtures,  at  atmospheric 
pressure  Initially,  are  about  Z%  larger  than  the  calculated 
values  and  may  reflect  achievement  of  only  partial  equilibrium 
at  the  C-J  plane. 
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PREFACE 


The  research  reported  herein  is  a  preliminary 
study  of  gaseous  detonative  combustion  in  novel  chemical 
systems,  namely  in  hydrogen-chlorine ,  carbon  disulfide-oxygen 
and  carbon  monoxide-hydrogen-oxygen-nitrogen  mixtures.  The 
global  objective  of  all  gaseous  detonation  research  is  to 
further  the  understanding  of  the  instability  mechanism 
associated  with  the  multi-headed  structure  observed 
universally  in  gasfccii:>  oetonative  combustion.  The  specific 
reasons  whereby  we  have  chosen  to  study  the  above  mentioned 
reactive  systems  are  twofold.  In  the  first  instance,  the 
former  two  possess  much  simpler  kinetic  schemes  than  the 
oxyhydrocarbon  systems  conventionally  studied  in  this 
research  area.  There  are  indications  that  the  kinetic 
schemes  may  be  linked  to  the  instability  mechanism  and 
hence  the  simplified  kinetics  could  help  in  isolating  this 
linkage.  Secondly,  all  of  the  above  reactive  systems  produce 
potentially  lasing  media  and  it  is  of  interest  to  investigate 
the  feasibility  of  exploiting  them  in  powerful,  infrared, 
self-sustained  chemical  lasers. 

As  a  first  step,  one  must  obtain  reliable  theoretical 
and  experimental  daca  on  the  global  detonative  behavior  of 
the  above  mentioned  gaseous  systems.  In  this  report,  we 
present  the  theoretical  aspect  of  the  problem,  i.e.,  the 
C-J  calculations  of  detonation  parameters  in  (H2-CI2), 
(CS5,-0«)  and  {C0-Hp-0j,-N«)  systems. 


1.  INTRODUCTION 


Gaseous  detonation  waves  have  been  extensively 

studied  since  the  end  of  the  ISth  century.  However,  most 

of  these  theoretical  and  experimental  investigations  have 

been  mainly  devoted  to  hydrocarbon-oxygen  systems  for 

utilitarv'an  purposes.  Although  the  classical  C-J  model 

1  2 

of  a  detonation  wave  which  assumes  *  the  wave  to  possess 

a  uniform  and  unidimensional  structure  predicts  detonation 

velocities  in  good  agreement  with  experimentally  measured 

3  4 

values,  it  has  been  demonstrated  *  that  planar  detonation 

waves  are  inherently  unstable,  consisting  of  an  intersecting 

transverse  wave  pattern  composed  of  elemental  triple  point 

5  6 

intersections.  Sufficient  experimental  evidence  exists  ’  *  ' 

to  infer  that  the  onset  of  instability  is  in  the  form  of 
periodic  formation  of  randomly  distributed  reaction  centers. 
From  the  striking  qualitative  resemblance  of  the  onset  of 
instability  in  gaseous  detonations  and  in  a  reacting  system 
involving  autocatalyti c  or  chain-branching  steps  in  the 
reaction  scheme  we  have  postulated  that  the 

instability  mechanisms  in  gaseous  detonations  may  also 
arise  from  such  autocatalytic  or  chain-branching  schemes. 
However,  due  to  the  complexity  of  the  proposed  chain-branching 
kinetic  schemes  in  hydrocarbon-oxygen  systems,  we  have 
suggested  to  investigate  systems  with  relatively  simpler 
kinetic  schemes  such  as  the  hydrogen-chlorine  and/or  the 
carbon  disulfide-oxygen  systems. 


It  Is  commonly  admitted  that,  in  both  systems, 
chemical  reactions  proceed  through  a  chain  reaction 
mechanism.  For  the  (H2-CI2)  system,  the  relevant 
kinetic  steps  are: 

Clg  +  M  2C1  +  H  initiation  (1.1. a) 

^  +  H2  -»•  HCl  +  H  (1.1  .b) 

propagation  . 

H  +  CI2  HCl*  +  Cl  (1  .l.c) 

20,  +  M  ->  Cl2  +  M 

termination  (l.l.d) 

2H  +  M  -»•  Hg  +  M 

where  underlined  species  denote  chain  carriers,  HCl  is 

a  molecule  in  the  elect -onic  and  vibrational  ground  state 
* 

and  HCl  ,  a  vibrational ly  excited  molecule  in  the 
electronic  ground  state.  Because  it  has  been  inferred 

n  12 

from  experiments  ’  that  the  energy  liberated  in 

reaction  (l.l.c),  namely  45.5  kcal/mole,  is  initially 

* 

concentrated  mainly  in  the  HCl  molecule  (with  vibrational 
quantum  number  v  =  6),  it  has  been  postulated  that  under 
flame  conditions  such  energetic  molecules  could  dissociate 
Clg  molecules  through  an  energy  chain-branching  reaction,  viz., 

HCl*  +  Cl2  2Cl  +  HCl  (1.1. e) 


this  process  being  endothermic  by  11.?  kcal/mole,  only 
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Although  no  experimental  evidence  for  the  existence  of 
reaction  (1.1. e)  has  been  found  in  (Hg-Clg)  flames 
the  instability  observed  under  detonative  combustiojt 
suggests  the  presence  of  the  energy  chain  branching  step 
in  (Hg-Clg)  detonations  according  to  the  autocatalytic 
instability  mechanism. 

On  the  other  hand,  two  chain-branching  steps  are 
commonly  considered  in  the  {CS2-O2)  kinetic  scheme  which 
is  usually  described  by  the  following  -hain  reaction 
mechanism 


O2  +  M  -»■  20  +  H, 


CS2  0  CS,  +  (branching) 


^  +  O2  SO2  +  0, 


CS  +  0  CO  +  S, 


+  0„  COS  +  0, 


^2  ^  ^  *  (branching) 


20  +  M  Op  +  M, 


where  CO  denotes  0  vibrationally  excited  molecule  in  the 
electronic  ground  state.  Although  this  chemical  scheme 
is  somewhat  more  complex  than  the  (H2-CI9)  one,  it  is  still 
much  simpler  than  the  oxyhydrocarbon  one  and  the  instability 


observed  under  detonative  combustion  in  preliminary 
experimnts  can  be  easily  linked  to  the  chain-branching 
steps  of  the  (CSg-O^)  kinetic  scheme. 

In  the  context  of  the  present  report,  C-J 

detonations  in  (H2-CI2)  systems  have  been  investigated 

as  early  as  the  beginning  of  the  20th  century 

Detonation  velocities  have  been  measured  in  stoichiometric 

and  fuel -rich  mixtures  in  the  pressuv'e  range  from  200  to 

760  torr.  Comparison  with  theoretical  calculations  in 

stoichiometric  mixturtr  has  shown  a  qualitative  discrepancy, 

experimentally  measured  values  of  1730  m/sec  being  pressure- 

independent  from  760  to  200  torr  v/hereas  calculated 

20 

values  decrease  by  approximately  2.5%  from  1720  m/sec 

at  760  torr  to  1680  m/sec  at  200  torr.  This  ciscrepancy 

19  20 

has  been  attributed  *  to  achievement  of  only  partial 
equilibrium,  the  resulting  Cl  atom  concentration  being  less 
than  that  corresponding  to  the  equilibrium  reaction  Cl2  ^  2C1 
therefore  resulting  in  calculated  detonation  temperatures  and 
velocities  less  than  the  true  values.  In  preliminary 
investigations  of  spherical  and  cylindrical  detonations  in 
stoichiometric  mixtures  at  subatmospheric  pressures  (30  -  120 
torr),  we  have  recently  measured  detonation  velocities  from 
1470  m/sec  at  30  torr  to  1625  m/sec  at  100  torr.  At 
atmospheric  pressure,  with  increasing  fuel  concentration, 
detonation  velocities  increase  from  1729  m/sec  for  the 
sto .chiometric  mixture  to  1855  m/sec  in  a  (3H2  +  Cl2) 
mixture  Recently,  soot  film  records  in  cylindrical 
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and  spherical  detonations  in  stoichiometric  {H2-C12) 

mixtures,  at  subatmospheric  pressures,  have  given  a 

concrete  evidence  of  the  multi -headed  structure  in  this 

system.  Due  to  the  lack  of  experimental  and  theoretical 

data  at  subatmospheric  and  atmospheric  pressures  and 

various  initial  compositions  in  (H2-C12)  systems,  we 

have  started  a  detailed  theoretical  and  experimental 

investigation  of  this  system  under  detonative  combustion 

conditions  with  tiie  aim  of  ascertaining  the  relevant 

kinetic  schemes  and  rate  constants  prevailing  under 

non-equilibrium  conditions  in  order  to  get  some 

understanding  of  the  instability  mechanisms  arising 

in  most  gaseous  detonable  sy.tems  and  with  the  hope  of 

achieving  a  more  accurate  description  of  the  propagation 

of  multi-headed  detonation  waves. 

Detonation  studies  in  (H2-CI2)  systems  have  also 

been  motivated  by  their  possible  application  to  the 

development  of  powerful,  infra-red,  self-sustained, 

chemical  lasers.  At  present,  successful  operation  of 

pulsed  and/or  continuous  wave  mode  (Hj>r-Cl«)  lasers  have 
21  22 

been  reported  *  .  The  feasibility  of  a  detonation 

laser  rests  on  the  degree  to  which  large  population 
inversion  in  vibrational ly  excited  reaction  products 
formed  in  the  reaction  zone  and/or  in  the  hot  combustion 
product  region  behind  a  detonation  wave  can  be  achieved. 
Because  non-equilibrium  prevails  behind  a  detonation  front 
and  because  of  the  fast  hydrodynamic  expansion  accompanying 


a  detonation  wave,  vibrational  freezing  should  be  readily 
achieved;  in  other  words,  colllslonal  deactivation  of 
excited  species  should  be  appreciably  reduced  by  the 
resulting  lowering  of  the  translational  temperature  of 
the  reacted  mixture.  Therefore,  the  non-linear  coupling 
betv/een  chemical  reactions  and  hydrodynamics  in  a  transient 
flow  field  should  guarantee  the  feasibility  of  population 
Inversion  under  detonative  combustion. 

In  addition  to  the  (H2-CI2)  system,  two  other 

systems,  namely,  the  carbon  disulfide-oxygen  and 

carbon  monoxide-oxygen-hydrogen-nitrogen  systems, 

appear  to  be  possible  candidates  for  detonative  laser 

applications.  The  (CS2-O2)  system  has  been  successfully 

operated  as  a  chemical  laser,  lasing  resulting  from 

vibratlonally  excited  CO  formed  In  chemical  reactions 

23 

initiated  by  an  electrical  discharge  and/or  under 

1 5 

deflagrative  combustion  .  Under  detonative  combustion, 
the  {CS2-O2)  system  has  been  experimentally  investigated 
since  the  beginning  of  the  20th  century  in  relation  with 
explosions  In  coal  mines.  Detonation  velocities  of 
1800  m/sec  have  been  measured  In  {CS2  +  3O2) 

mixtures  at  atmospheric  pressure.  No  experiments  at 
subatmospheric  pressures  and  other  initial  compositions 
have  been  reported  end  no  theoretical  data  are  available 
for  comparison. 

On  the  other  hand,  there  have  been  extensive 
studies  of  detonation  properties  In  (CO-O2-H2)  systems. 


The  (CO-O^)  system  supports  a  stable  detonation  wave  in 

p7 

the  presence  of  trace  amounts  of  hydrogen  *  ,  whereas 

in  a  dry  {CO-O2)  mixture,  no  sel f-devel ooed  detonation 

has  ever  been  observed.  The  main  products  of  the 

reaction  between  CO,  0^  and  H2  are  CO2  and  H2O. 

Therefore,  the  {C0-02-H2)  system  should  provide  the 

essential  species  for  CO2  laser  operation.  CO2  lasers 

have  been  extensively  studied  since  the  last  decade, 

vibrational ly  excited  CO2  in  the  (00^1)  level  resulting 

from  very  efficient  V-V  exchange  between  N2(v  =  1)  and 

002(00^0)  due  to  the  near  resonance  between  the  N2{v  =  1) 

and  002(00  1)  levels  .  In  addition,  populat’on  inversion 

between  the  (00°1)  and  {10°0)  CO2  levels  is  enhanced  by 

the  presence  of  water  vapour,  one  of  the  most  efficient 

28 

quenching  molecules  for  the  CO2  lower  laser  level  . 
Addition  of  to  a  (CO-O2-H2)  mixture  should  provide  the 
main  species,  namely,  CO2,  HgO  and  N2 ,  for  successful 
operation  of  a  CO2  detonation  laser. 

Therefore,  the  (H2-CI2),  {CS2~02)  and  (CO-O2-H2-N2) 
systems  appear  to  be  possible  candidates  for  successful 
operation  of  detonation  lasers.  The  first  task  in 
investigating  the  feasibility  of  such  devices  is  to  study 
theoretically  and  experimentally  the  behavior  of  these 
gaseous  mixtures  under  detonativo  combustion.  In  this 
report,  we  present  a  theoretical  investigation  of  the 
detonation  properties  of  these  systems.  The  classical 
C-J  model  has  been  used  to  calculate  detonation  parameters 


in  (H2-Cl2)»  (CS2-O2)  and  (C0-02~H2“N2)  mixtures  under 

a  wide  variety  of  initial  conditions.  The  method  of 

computation  is  slightly  different  than  that  propo’^ed  by 
29 

Eisen  et  al  .  Instead  of  solving  simultaneously  the 
system  of  non-linear,  algebraic  equations  (hydrodynamics  + 
chemistry),  we  have  devised  a  method  by  which  for  a  given 
temperature  of  the  burnt  gases,  the  equilibrium  composition 
at  the  C-J  plane  is  obtained  by  iteration  of  the  chemical 
equilibrium  and  atom  balance  equations,  for  an  assumed 
volume  of  burnt  gases.  Then,  iteration  of  the  hydrodynamic 
equations  yields  a  solution  for  all  detonation  parameters. 
The  C-J  solution  is  then  obtained  by  finding  the  minimum 
detonation  velocity  compatible  with  the  given  initial 
conditions . 

In  the  following,  we  shall  first  review  the 
governing  equetions  of  the  C-J  model  and  describe  the 
numerical  method  used  to  solve  the  corresponding  system 
of  non-linear,  algebraic  equations  for  any  reacting  gaseous 
mixture.  Next,  we  shall  present  the  relevant  thermodynamic 
equilibrium  and  atom  balance  equations  For  each  particular 
system,  namely,  (H2-C12),  {CS^-O^)  and  (CO-O2-H2-N2) . 
Finally,  the  results  will  be  discussed  and  compared  with 
available  experimental  data. 
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2.  Governing  Equations 

In  the  classical  theory  of  detonation  waves, 
the  detonation  process  is  considered  as  a  one-dimensional 
one.  The  detinatlon  front  moves  with  uniform  velocity  P 
Into  a  reactive  gas  mixture,  initially  at  rest,  =  O  ^ 
at  Initial  temperature  and  pressure,  TJ*  and  ,  respectively, 
The  passage  of  the  wave  sets  the  gas  behind  it  in  motion  at 
a  velocity  (Fig.  la).  In  a  reference  system  in  which  the 
wave  is  stationary,  let  and  denote  the  gas  velocities 
with  respect  to  the  stationary  wave  (Fig.  l.b),  so  that 

y,  -  P  (21) 


and 


14  =  P-Mi 


(2.2) 


Across  a  detonation  wave,  the  flux  densities  of  mass, 
momentum  and  energy  are  continuous.  In  the  stationary 
wave  reference  system,  these  conditions  take  the  following 
forms : 

-  mass  flux  continuity: 

(2.3) 

where  ^denotes  the  gas  density  and  subscripts  1  and  2, 
the  unburnt  and  burnt  gases,  respectively. 


-  momentum  flux  continuity: 
where  jp  is  the  gas  pressure. 


(2.4) 


-  10 


-  energy  flux  continuity: 


H,  + 


(2.5) 


where denotes  the  number  of  moles  of  specie  /, 

C  =  1,  for  reactants  and  i-  1,  2,...,/:  for 

reaction  products.  Wi  is  the  molecular  weight  of  species 
i  and//,  the  enthalpy  of  the  reactive  mixture*. 

H  ^  J  ^  ^29^X7  (2.6) 

/-I 

where  (mi  ;  is  the  standard  enthalpy  of  formation  of 
species  c  ,  HmX  = 

difference  between  the  enthalpies  in  the  standard  state  at 
temperatures  7”  and  298°K,  respectively  and  J is  the  energy 
conversion  factor. 

Assuming  a  mixture  of  perfect  gases,  the  equation 
of  state  is  given  by: 

(2.7) 

^  i  tf 

where  ^*is  the  ideal  gas  constant ,</ i s  the  gas  volume  and 

(2.8) 

(2.9) 

is  the  mole  fraction  of  species  (,  . 


,  the  mean  molecular  weight  of  the  mixture 

vv  = 


where 


y,-  =  / 


The  classical  model  of  a  detonation  wave  assumes 


the  state  of  the  burnt  gas  mixture  to  be  the  thermodynamic 
and  chemical  equilibrium  state.  The  equilibrium  composition 
at  constant  pressure  and  temperature,  ^  and  7^  ^  respectively, 
is  determined  by  writing  that  each  chemical  reaction  taking 
place  in  the  reaction  zone  behind  the  detonation  front  reaches 
equilibrium  at  section  2,  the  correspond! nn  equations  being: 
i)  the  chemical  equilibrium  equations 
ii)  the  conservation  of  mass  (or  atoms)  equations. 

For  a  given  chemical  reaction. 


the  equilibrium  constant  Kc  is  defined  as 

Kc(T)  ^  k  (2.10) 

where  ^  and  /[^denote  the  specific  forward  and  backward 
reaction  rates,  respectively,  Q=  is  the  concentration 

of  species  c  and  »  where  the  's  ore 

the  stoichiometric  coefficients.  Using  Dalton's  law  for  a 
mixture  of  ideal  gases,  viz., 

(2.11) 

where  jp^'  is  the  partial  pressure  of  species  i  and  the  perfect 
gas  law  for  species  I  , 

=  ^cRT/i)  (2.12) 


Eq.  (2.10)  can  be  rewritten  in  terms  of  partial  pressures 
and/or  number  of  moles,  viz.. 


*■.  *5-  r’^i  ■  i-  ^  "^  "  -  ij 


l^< 
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KcCr)  =  ITht'C^y) ' 


_^A«,- 


-r 

TT'W/  •  ‘ 


Defining  the  equilibrium  constant  /C^in  terms  of  partial 
pressures ,  viz . , 

' 

!> 


A>^r?  »  TTk- 


Eq.  (2.13)  becomes 


(2.14) 


A>M-  Tfnt^yfg-y 


3^: 


(2.16) 


The  functions  A^cr  )  are  tabulated  or  can  be  obtained 
from  the  well-known  thermodynamic  relation: 


fer  lofel^fCT')  -  - 


(2.16) 


where  [afTt:)]  ^  ,  the  standard  free  energy  of  formation 
of  species  c  is  also  tabulated  in  Ref.  30. 

Finally,  for  a  given  gas  mixture  containing  X 
different  atoms,  >£  atom  balance  equations  can  be  written. 


VIZ.  , 


t-/ 


^  -^^,1  <»i  -  J)  =  o  , 

c^t 


y  =  3^  — 


(2.17) 


where  is  the  number  of  atoms  of  kind  S  in  molecule 

of  type  C  . 
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3.  METHOD  OF  SOLUTION 


For  given  initial  conditions,  i.e.,  state  1, 
vi z . ,  ^  ,  7^  ,  ,  X^*  ,  i  -  1 ,  and  =  ^  , 

properties  of  state  2  are  determined  by  solving  the  system 
of  (  ^+*4r  )  non-linear,  algebraic  equations  (Eqs.  2. 3-2. 5, 

2.7,  2.15,  2.17)  in  {  ^  /c  )  unknowns,  namely,  A  -  ^  •  <1  >  ^ 
and  the  equilibrium  composition  (/c  species).  However,  since 
the  detonation  velocity  (or^  )  is  also  unknown,  the 
system  can  only  be  solved  by  assuming  either  the  detonation 
velocity  or  any  property  of  state  2.  In  the  following,  v/e 
shall  assume  a  temperature  ^  and  solve  for  the  other  unknowns. 
The  Chapman-Jouguet  state  is  the  state  2  for  which  the  detonation 
velocity  is  minimum. 

For  a  given  temperature  ,  the  chemical  equilibrium 
equations  (Eq,  2.15)  can  always  be  expressed  as  functions  of 
the  volume  t^and  atom  numbers  only.  Therefore,  assuming 
a  volume  ,  the  atom  balance  equations  can  be  solved  by 
the  Newton-Raphson  method  to  yield  the  equilibrium  composition. 
The  pressure  is  then  obtained  from  Eq.  (2.7).  Next,  the 
hydrodynamic  equations  (Eqs.  2. 3-2. 5)  are  rewritten  in  the 
following  forms.  Combining  Eqs.  (2.3),  (2.4)  and  (2.7)  yields 
an  expression  for  the  detonation  velocity,  viz.. 


V  =  D  * 

I 


tCr;  (f  - 


b.. 


(3.1) 
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A  second  expression  for  ^  is  obtained  by  combining 
Eqs.  (2.3),  (2.5)-(2.7),  viz.. 


« 


-/ 


(3.2) 


Equations  (3.1)  and  (3.2)  are  then  solved  by  iteration 
(false  position  method;  to  yield  a  solution  for  Vf  and  <4. 
when  I  pf"*'.  p'^""’///  pr-r.-rt|  ^  „^ere 

F  =  F,{T,,t^^-)  -  Fi(T,,<»v)  •  Not®  that  for 

each  intermediate  value  of  <4^  ,  the  equilibrium  composition 

must  be  recomputed  as  described  above.  The  advantage  of 

29 

this  method  over  Eisen  et  al's  method  is  its  simplicity, 
the  rapidity  of  convergence  to  the  solution,  (usually,  only 
four  iterations  by  the  false  position  method  are  necessary) 
and  the  absence  of  instability  always  present  in  the 
Newton-Raphson  method  when  the  number  of  equations  increases 
with  increasing  complexity  of  the  burnt  gas  mixture.  Finally, 
the  method  of  steepest  descent  is  used  to  obtain  the  minimum 
detonation  velocity  P  ,  i.e.,  the  C-J  state.  The  C-J  state 

I  is  considered  to  be  reached  when  |  IC^ 

\ 

e 

[ 
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and  the  temperature  step  size  Tj  ^  /O 

Frozen  specific  heat  ratios  and  Mach  numbers ) 

In  the  burnt  gases  hctve  also  been  calculated  using  the  following 


formul ae : 


r^C/r).  - 

where  is  the  molar  specific  heat  at  constant  pressure 

t 

of  species  i 

and  ^ 

where  )  is  the  frozen  sound  speed  of  the  burnt 

gases.  All  thermodynamic  data>  namely,  enthalpy  differences, 
standard  free  energies  of  formation  and  molar  specific  heats 
at  constant  pressure  tabulated  in  Ref.  30  were  fitted  by  a 
least-squares  fit  program  to  polynomials  of  degree  equal  or 
greater  than  four,  in  the  temperature  range  from  2000  to  5000°K. 
Calculations  were  performed  in  double  precision  on  an  IBM360/75  OS 
and  the  results  shown  in  Tables  I-XVIII  are  presented  in  computer 
outputs.  In  these  tables,  each  specie  name  denotes  the 


corresponding  mole  percent,  the  pressures  are  in  atmospheres 
and  the  fluid  velocities  with  respect  to  the  stationary 
detonation  wave  are  in  km/sec. 
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iV;: 

4.  RESULTS  - 


In  this  section,  we  present  the  calculated 
properties  of  C-J  detonation  waves  in  (H2-Cl2)»  (CS2-O2) 
and  (CO-O2-H2-N2)  systems.  All  calculations  were  performed 
with  initial  pressures  ranging  from  30  to  760  torr  and  an 
initial  temperatu>*e  of  298^K.  Initial  mixture  compositions 
were  also  varied. 


4 . 1  The  (Hg-Cl^)  System 


The  equilibrium  composition  at  the  C-J  plane  in 
(H2-CI2)  detonations  consists  of  five  species,  namely, 

Cl2»  Cl,  H2>  H  and  HCl.  The  relevant  equations  and  detailed 
analysis  of  the  (H2-CI2)  chemistry  are  given  in  Appendix  I. 

The  detonation  properties  calculated  by  the  method 
described  in  Section  3  are  presented  in  Tables  I  to  VII  and 
plotted  in  Figs.  2  to  6  for  CI2  initial  mole  percent  ranging 

I 

from  30  to  70  and  initial  pressures  from  30  to  760  torr. 

At  constant  initial  pressure,  the  detonation  velocity  (Fig.  2) 
first  decreases  quite  linearly  with  increasing  CI2  initial 
mole  percent,  up  to  50%,  then  decreases  sharply  with  CI2 
increasing  from  50  to  'v  57.5%,  then  retains  a  negative  slope 
with  CI2  increasing  up  to  70%,  the  limit  of  the  present 
I  calculation.  At  constant  CI2  initial  mole  percent,  decreasing 

the  initial  pressure  causes  a  small  decrease  in  the  detonation 

I 

j  velocity,  the  largest  drop  6%)  occurring  for  the  stoichiometric 

j  mixture.  Figure  3  shows  the  corresponding  variations  of  the 

I 

I 

I 

t 

? 

I 
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temperature  ratio  T2/T^  with  initial  pressure  p^  and  Clg 

initial  mole  percent.  At  any  initial  pressure  (30  -  760  torr), 

the  maximum  temperature  ratio  does  not  occur  for  the 

stoicr.iometric  mixture  but  is  shifted  towards  lower  Clg 

concentration  (approximately  around  47.5%).  The  maximum 

also  becomes  quite  flat  at  pressures  below  100  torr.  On  the 

other  hand,  the  pressure  ratio  P2/P1  the  detonation  Mach 

number  ,  shown  in  Figs.  4  and  5,  peak  at  50%  Cl 2  initial 

mole  fraction  for  all  initial  pressures  as  expected  from 

stoichiometry,  while  retaining  the  same  qualitative  shape 

as  the  temperature  ratio.  The  HCl  mole  percent  variations 

shown  in  Fig.  6  exhibit  the  same  qualitative  behavior  as  the 

other  thermodynamic  parameters  but  the  maxim' m  HCl  mole  percent 

shifts  from  50%  initial  CI2  at  atmospheric  pressure,  as 

expected  from  stoiometry,  to  'v*  55%  initial  CI2  at  30  torr. 

The  present  results  are  in  good  agreement  with  Zel'dovich's 

20 

calculated  detonation  parameters  in  stoichiometric  mixtures 

at  760  and  200  torr,  initial  pressure.  Therefore,  the 

20 

qualitative  discrepancy  between  calculated  and  experimentally 
18  19 

measured  ’  detonation  velocities,  already  discussed  in 
Section  1,  is  also  reflected  by  the  present  calculation. 
Similarly,  comparison  of  the  present  calculation  with  Dixon's 
measurements  at  atmospheric  pressure  and  varying  initial 
composition  shows  a  poor  agreement  (Fig.  2),  calculated 
detonation  velocities  being  higher  at  low  CI2  mole  percent 
and  lower  for  the  stoichiometric  mixture.  Experiments  at 
subatmospheric  pressures  are  in  progress  and  the  results  will 
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be  compared  to  the  theoretical  values  in  a  near  future. 

4 . ?  The  (CSq-Oq)  System 

Whereas  the  (K2“Cl2)  syste.,  has  only  one  stoichiometric 
composition,  the  equimolar  one,  the  {CS2“02)  system  possesses 
at  least  three  stoichiometries,  namely; 

CS2  +  3O2  -»■  CO2  +  2SO2,  (4.2.1) 

CS2  +  2O2  CO2  +  2S0,  (4.2.2) 

and 

CS2  +  O2  2C0  +  £$2  (4.2.3) 

Therefore,  under  detonative  combustion,  CO,  C02»  SO,  SO2  and  $2 

are  likely  to  be  found  in  the  burnt  gas  at  the  C-J  flame.  In 

addition,  kinetic  studies  in  shocked-heated  (CS2-O2)  mixtures, 

highly  diluted  in  A,  also  include  among  the  product,  carbonyl 
16  31 

sulfide,  COS  ’  .  Hence,  the  equilibrium  composition  at 

the  C-J  plane  should  consist  of  11  species,  namely, 

CS2,  CS,  CO,  CO2,  COS,  O2,  0,  SO2,  SC,  $2  and  S.  We  have 
also  included  in  the  calculation  'C2  and  C  to  account  for  CO 
and  CS  dissociations.  The  detailed  analysis  of  the  equilibrium 
composition  at  the  C-J  plane  in  (CS2-O2)  mixtures  is  given  in 
Appendix  II.  The  results  are  presented  in  Tables  VIII  to  XIII 
and  Figs.  7  to  19,  for  initial  pressures  ranging  from  30  to 
760  torr  and  CS2  initial  mole  percent  from  25  to  80%.  Below 
25%  initial  CS2  and  above  80%  initial  CS2,  no  solution  could 
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be  obtained.  The  absence  of  theoretical  solutions 

beyond  these  initial  compositions  may  correspond  to 

the  dfitonability  limits  of  the  (CSg-Og)  mixture,  although 

the  model  does  not  account  for  these  limits.  At  constant 

initial  pressure,  detonation  velocities  decrease  vn'th 

increasing  CSg  initial  mole  percent  and  seem  to  be  maximum 

at  25%  initial  €$2  (Figs.  7,  11).  At  constant  initial 

composition,  decreasing  the  initial  pressure  from  760  to 

30  torr  decreases  the  detonation  velocity  comparison  with 

an  experimentally  measured  value  in  (CS2  +  SOp)  mixture  at 

25 

1  atm.  initial  pressure  shows  some  disagreement,  the 
calculated  value  being  'v-  1.4%  less  than  the  measured  one. 

Such  a  discrepancy  may  result  from  achievement  of  partial 
equilibrium  at  the  C-J  plane.  Due  to  the  various  possible 
stoichiometries  of  the  (CS2-O2)  system,  it  is  difficult  to 
define  a  priori  the  stoichiometry  for  which  all  thermodynamic 
parameters  will  be  maximum.  From  Figs.  8  and  12,  it  is  seen 
that  the  temperature  ratio  T2/T^  is  maximum  at  'v  30%  initial 
CS2  for  all  initial  pressures  considered  in  the  present 
calculation  whereas  the  pressure  ratio  P2/P-)  (Figs.  9,  13) 
and  detonation  Mach  number  M-j  (Figs.  10,  14)  are  both  maximum 
at  'V  35%  initial  CS2,  for  the  same  range  of  initial  pressures. 
Therefore,  the  stoichiometry  described  by  Eqs.  (4.2.2) 
corresponding  to  a  (€$2  +  2O2)  mixture  seems  to  prevail 
under  detonative  combustion.  In  addition,  all  detonation 
parameters  (Figs.  11-14)  show  a  very  sharp  decrease  at  60% 
initial  CS2.  This  behavior  may  reflect  a  shift  in  shoichiometry 
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from  (CSg  +  to  (2CS2  +  O2)  and  is  supported  by  the 

correspondinn  variations  in  product  mole  percents  as  shown 
in  Figs.  15  -  19.  As  expected  from  stoichiometry  (Eq.  4.2.1), 
CO2  is  maximum,  although  much  smaller  than  the  CO  mole  percent, 
for  (€$2)  initial  =  25*  at  all  initial  pressures  considered 
Fig.  15).  Similarly,  SO2  is  also  maximum  for  the  same 
initial  composition  (Fig.  16).  Increasing  the  fuel  mole 
percent  shifts  the  stoichiometry  to  the  reaction  described 
by  Eqs.  (4.2.2),  hence  resulting  in  SO  reaching  a  maximum  at 
35%  (Fig.  17).  'further  increase  in  fuel  concentration  shifts 
again  the  stoichiometry  to  the  react'cn  described  by  Eq.  (4.2.3) 
resulting  in  CO  and  S2  reaching  a  maximum  at  ?G%  initial  CS2 
(Figs.  18,  19).  Moreover,  in  this  case,  equal  mole  percents 
of  CO  and  S2  are  approximately  formed,  in  good  agreement  with 
the  corresponding  stoichiometry.  Whereas  all  detonation 
parameters  decrease  with  decreasing  initial  pressures,  the 
CO  mole  percent  increase  with  increasing  initial  pressure 
(Fig.  18),  S2  and  SO  mole  percents  first  decrease,  then 
increase  after  reaching  their  maximum  (Figs.  17  and  19)  and 
CO2  and  SO2  mole  percents  exhibit  the  same  qualitative  behavior 
as  the  detonation  parameters  (Fig.  15,  16).  The  lack  of 
experimental  data  makes  it  difficult  to  draw  any  conclusion 
on  the  behavior  of  the  (CS2-O2)  system  under  detonative 
combustion.  Experiments  are  in  progress  and  will  be  compared 
with  theoretical  data  in  a  near  future. 
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4 • 3  The  (CO-Ho-Og-Ng)  System 

For  an  (Hg-Og)  system,  the  relevant  stoichiometry 
is : 

Hg  +  .502  ^2^  (4.3.1) 

Accounting  for  dissociation  and  recombination  under  detonative 
combustion,  the  equilibrium  composition  should  consist  of 
six  species,  namely,  H2,  O2,  H,  0,  OH  and  H2O.  Addition  of 
carbon  monoxide  to  the  (H2-O2)  system  while  maintaining  the 
stoichiometry,  i.e.,  fuel/oxidizer  =  2,  viz., 

[yH2  +  (i-y)C03  +  .sOg  -»■  yH20  +  (i-y)C02  (4.3.2) 

yields  CO2  as  reaction  product.  Again,  accounting  for 
dissociation  and  recombination,  the  relevant  equilibrium 
composition  for  the  (C0-'02“H2)  system  should  consist  of  ten 
species,  namely,  H2,  O2,  CO,  C02>  H,  0,  OH,  H2O,  C2  and  C. 
Finally,  with  nitrogen  distribution,  N2,  N,  NO,  NO2,  N2O, 

HN  and  HNO  should  also  be  included  in  the  equilibrium 
composition  at  the  C-J  plane.  Therefore,  we  shall  consider 
seventeen  species  to  be  present  at  the  C-J  plane  in  detonations 
in  (C0-02~H2-N2)  system.  The  detailed  analysis  of  the  chemistry 
of  this  system  is  presented  in  Appendix  III. 

Because  experimental  data  are  available  for  the 


undiluted  system  only,  we  have  first  calculated  detonation 
parameters  in  the  stoichiometric  mixture  given  by  Eq.  (4.3.2) 
at  atmospheric  pressure,  initially.  The  results  of  these 
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calculations  with  varying  initial  CO  mole  percent  are 

shown  in  Table  XIV  and  Figs.  20  -  24.  Complete  agreement 

with  Lu  et  al's  calculated  detonation  velocities  is  shown 

?fi  27 

in  Fig.  20  whereas  experimental  data  *  are  about  2% 
lower  than  the  theoretical  ones.  As  shown  in  Figs.  21  -  23, 
temperature  and  pressure  ratios  and  detonation  Mach  number  all 
exhibit  a  minimum  at  a  high  CO  content.  However,  the  minimum 
temperature  ratio  occurs  at  85%  initial  C0/(C0  +  H2)  whereas 
the  pressure  ratio  and  detonation  Mach  number  have  a  minimum 
at  'V*  80%  initial  C0/(C0  +  H2).  CO  and  CO2  product  mole 
percents  (Fig.  24)  are  seen  to  increase  with  increasing 
C0/(C0  +  H2)  initial  mole  percent,  the  CO  mole  percent  being 
larger  than  tlie  CO2  mole  percent  at  low  initial  CO/ (CO  +  H2) 
content  whereas  the  reverse  is  true  at  high  initial  C0/(C0  +  H2) 
content,  both  product  percentages  being  equal  for  'v  80%  C0/(C0  +  H2) 
initi al . 

With  nitrogen  dilution,  no  experimental  data  are  yet 
available  for  comparison  with  the  theoretical  results  presented 
in  Tables  15  -  18  and  Figs.  25  -  29.  In  these  calculations, 
vf?.  maintain  the  stoichiometry  as  given  by  Eqs.  (4.3.2),  the 
initial  H2  mole  percent  being  fixed  at  1%  and  the  initial  N2 
mole  percent  varying  from  10  to  40%.  At  constant  initial 
pressure,  with  increasing  N2  dilution,  all  detonation  properties 
decrease  monotonical ly .  Similarly,  at  constant  N2  dilution, 
decreasing  the  Initial  pressure  also  decreases  all  detonation 
properties.  The  corresponding  variations  of  the  CO2  and  CO 
product  mole  percents  are  shown  in  Fig.  29.  The  CO2  mole 


percent  exhibits  the  same  qualitative  behavior  as  the 
thermodynamic  properties  when  the  initial  pressure  and/or 
the  Ng  dilution  are  varied  whereas  the  CO  mole  percent 
increases  with  decreasing  initial  pressure  at  constant  Ng 
dilution  being  slightly  larger  (a  few  percent)  than  the 
CO2  mole  percent  at  low  dilution  and  initial  pressure  and 
smaller  (''*  15%)  than  the  CO2  mole  percent  at  larger  N2 
dilution  for  any  initial  pressure  in  the  range  (760  -  30  torr). 
The  calculation  was  not  carried  beyond  40%  N2  dilution  because 
one  may  expect  quenching  of  the  detonation  in  highly  diluted 
mixture.  These  results  will  be  compared  with  experimental 
-ata  in  a  near  future. 
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Appendix  I 

The  overall  reaction  for  the  equilibrium 
composition  at  the  C-J  plane  in  (Hg-Clg)  mixtures  can 
be  written  as: 

a,Clt.  +  a,l4^  -*.^b,Ck  /  4^  ^  4^/ 

i- k,H  i- 


where  the  ^'s  and  's  denote  reactant  and  product 
mole  numbers,  respectively.  The  corresponding  atom 
balance  equations  are: 


CC1] 

Za,  =  zb,  *b^*bg^ 

(1.2) 

M 

(1.3) 

For  a  given  temperature  ^  and  a  given  volume  the 

burnt  mixture,  the  equilibrium  composition  is  determined 
by  solving  simultaneously  the  atom  balance  and  equilibrium 
equations.  Therefore,  three  equilibrium  equations  are 
needed  corresponding  to  the  following  chemical  reactions,  viz., 

^  (1-4) 

d 


(1.6) 
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where  the  /C's  are  the  corresponding  equil ibriL.i(  constants, 
namely, 

(1.7) 

K--  A//4  '-Cbjbfn  (I.S) 

^3-  hKtKkkhxt’  (1.9) 

where  ^ 

Defining 


it  can  be  seen  that  Eqs.  (1.2,  1.3,  I. 7-1. 9)  can  be  expressed 
in  terms  of  ^  and  for  given  7^  and  Solving  Eqs. 

(I. 7-1. 9)  yields: 

4  ^  47^/ 

4  s  (1.12) 


(1.13) 
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where  the  C^'s  are  functions  of  7^  and  only,  viz., 

C,  -  klcr.)/x''  (I 

(I 

=  KCTzlkMJCkiCrOX^)  (I 


Using  Eqs.  (1. 11-1. 14)  into  Eqs.  (1.2,  1.3)  yields  a 
system  of  two  non-linear,  algebraic  equations  in  ^ 
^  ,  ‘i^and  t^,  viz., 

/ 

i. 


where  ^  snd  ^2-  .  For  given  values  of  7^ 

and  y,..  this  system  can  readily  be  solved  for  and  ^ 
by  the  Newton-Raphson  method  and  the  remaining  unknowns, 
namely,  4.4  and  ^are  then  given  by  Eqs.  (1. 11-1.13) 


.14. a) 

.14. b) 


.14.c) 


The  overall  reaction  for  the  equilibrium  composition 


at  the  C-J  plane  in  (CSg-Og)  mixtures  is: 

a.,C5i  ^ 

■tb^cos  ^4-^  ^4^ 

4  b.  Of,  -t-  4^?  *" 

■•■b^so  b„S^  4 

+ 

The  corresponding  atom  balance  equations  are  written  as: 


(11*1) 


Zcj:  *  4  ^  4  ^4  ^4  (n.2) 

'h 


[sj:  ^  ^4  ^4  +4-  4  -^-^4 


(II. 3) 


[oji  ’  4  ^4 ^4  (JI.4) 


'h^bt 


Since  thirteen  species  are  assumed  to  be  present  at  the  C-J 
plane  and  three  atom  balance  equations  can  be  written  for  the 
(CS2-O2)  system,  ten  equilibrium  equations  are  needed  to  obtain 
the  equilibrium  composition  for  given  ^and  .  These 
equations  correspond  to  the  following  chemical  reactions,  viz,. 


(II. 5. j) 


and  the  corresponding  equilibrium  equations  in  terms  of 
equilibrium  constants  are: 


(11^6) 


(11.7) 


(II. 8) 


(II. 9) 


(II. 10) 


(II. 11) 


(11.12) 


.  4^ 


.  m!: 


r44)''^  <r44y^ 


(11.13) 


{11.14) 


where 


4,A 


«  CR’n/v^) 


(11.15) 


(11.16) 


De'ininq: 


it  can  be  seen  that  all  the  ^'s  in  Eqs.  (II.6-II.16) 

can  be  expressed  as  functions  of  7^  ,  t^and  ^  ,  4  •  4  • 

the  C  ,  0  and  S  atom  numbers,  respectively,  viz., 

4  = 

4  "  44a/^ 

4  ®  4  4  /g 


. .  M 

1  -  31  -  :  ;X':®5 

*  ^ 

'i 

1 

4  ' 

1 

1 

'*1 

4--  4V^’r 

It 

^  1 

'*c^ 

II 

v^JV* 

inMMa»m 

1 

1 

■i 
.  1 

'  '1 

1  ^  -  4?  4i/^ 

I 

-I 

1 

■3 
,.  s 

■\l 

1 

'1 

1 

1  4  -  4-1/^ 

s| 

I 

3 

j  43  -  4V/C<, 

■  ■,'■« 

k 

'\ 

1  where  the  ^'s  are  functions  of  and  ,  only,  viz.. 

E 

1  C,  =  k^kr^k^fr^/'X"' 

0^ 

% 

1 

1  ^  -  kg-kt  fCf.  / 

I 

t 

4 

1  c’s  =  k,kikf/X*^ 

c| 

1  ^3  '  r  J 

>j 

s 

1 
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C,-  k;/^^ 

Cf.  ^  k^Kk^ks/')(^ 

(11.18) 


Cg  ~  k)  K^-ks  /  “^ 

Cy  =  k^/'X'' 


I  Using  Eqs.  (11,17)  Into  Eqs,  (II.2-II.4)  yields  a  system 

f 

I  of  three,  non-linear,  algebraic  equations  in  five  unknowns 

3 

I  ’  4a.  ’  ^  and  ,  namely, 


f  *  -  f  '  f  '  % 


+  ^  i-x  -t  ^  .Q, 

Cs 


Cy  4 


t  ^/-  *J  --?«/ 

f-S  (-J 


-o 


Cj  G,  ^6 


+  -f  'fS  +  -?r# ^ 


where  iC  »  ^ 'S  and  ^  .  These  equations 
are  readily  solved  for  given  and  b y  the  'lewton-Raphson 
method,  then  Eqs.  (11.17)  give  the  remaining  unknown  ^*s. 


34  - 


For  given  temperature  and  volume  of  the  burnt  gas  mixture, 
the  equilibrium  composition  (10  species)  is  completely 
determined  by  solving  simultaneously  the  atom  balance  end 
equilibrium  equations.  Therefore,  seven  equilibrium 
equations  are  needed,  representing  the  following  reactions: 
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CC^:^  CO* 
Co 

Ji^2,  ^ 

/rr 

^/5i  3=:  >5^ 


(III. A. 5) 
(III. A. 6) 
(III. A. 7) 
(III. A. 8) 
(III. A. 9) 


H:iO  (III. A. 10) 

/ 

(III.A.11) 

where  the  /C's  are  the  corresponding  equilibrium  constants, 
viz. , 


oH 


i. .  _  4  4V  /?“7r 

A.  "  A  (  <4  / 


(III. A. 12) 


*  /_  /_ 


4. 

Po  . 

</x 

II 

ho  rf?% 

(III, A. 13) 


(III. A. 14) 


(III. A. 15) 


(III. A. 16) 


ksh*^  =  •)* 

hi, 


(III. A. 17) 


and 


r  j_  A 


P. 


4 


(III. A. 18) 


Defining:  S; 


l»fgbi  and  -=  r-€"7;/<4  . 

inspection  of  Eqs.  (III. A. 2  -  III. A. 4,  III. A. 12  -  III. A. 18) 
shows  that  for  given  and  ,  all  the  ^'s  are  functions 
of  the  atom  numbers  only,  namely,  ^  and  , 
respectively.  Solving  Eqs.  (III. A. 13  -  III. A. 18)  in 
terms  of  ^  and  yields  the  equilibrium  composition, 
viz. , 


4  =  b^KlC, 

1 

(III. A. 19) 

cm. A. 20) 

4  -  b:/c^ 

(III. A. 21) 

(III. A. 22) 

^  «  b^bs/C^ 

(III. A. 23) 

(III. A. 24) 

^ 

(III. A. 25) 

m 


where  the  Cs  are  functions  of^  and  ^^.only,  and 
given  by  the  following  relations: 

q  =  k^k^k^/'X"- 

Q=  ki/x"^ 

Cf  -  kjk^k^k^/x^ 

Cg-  ^  k’^kgkf./x 

c,  .  /tiVx* 


(III. A. 26) 


(III. A. 27) 


(III. A. 28) 


(III. A. 29) 


(III. A. 30) 


(III. A. 31) 


=  k:/y^ 

(ni./i.32) 

using  E,s.  (III.A.  ,9  -  in.A.25).  E,s . 


become : 


c;  Ci 


;  <^1-  <5 


*  X  +  ££ 

^  ^s- 

-O 


<iiumiS!SiMAiaii>mxKm 


where  ^  ^  ^  and  ^  ,  respectively. 

This  system  of  three,  non-linear,  algebraic  equations 
may  be  solved  by  the  flewton-Raphson  method  for  a  given 
temperature  and  a  given  volume  and  the  corresponding 
equilibrium  composition  is  completely  determined  by  using 
Eqs.  (III. A. 19  -  III. A. 25). 

B •  The  (CO-Hq-Oo-Nq)  System 

The  overall  reaction  for  the  equilibrium  composition 
at  the  C-J  plane  is  given  by: 

-f-  Q^O,. 

hco^  1-b^CO+kO^  4-k,0 

9 

■i.  4/4  ^4  ^ 

(III.B.l) 


The  corresponding  atom  balance  equations  are: 

£cj;  a,  =  b, -t  +  Zb,^  +b^  (iii.b.z) 

£57 •  —  .24  '^4  'f’Zbj 

+  hg  +2t>f  +b,o+b,*  b,f. 


(III.B.3) 
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Ijij:  (III.B.4) 

V-  49- 

Jj4]l  ^04.  ■=  +  (iii.b.5) 


The  equilibrium  composition  consisting  of  17  species  is 
obtained  by  solving  simultaneously  the  atom  balance  and 
equilibrium  equations  for  a  given  temperature  "T^duxji  a 
given  volume  ^of  the  burnt  mixture.  Therefore,  13 
equilibrium  equations  are  needed,  corresponding  to  the 
following  reactions: 

(III.B.5) 


Co 


c 


aJ 


CIII.B,7) 


(iri.B.8) 

(iri.B.B) 


(III. B. 10) 


(III. B. 12) 
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l\I^O  32:  j[t^x  ^ 

H 

M^O  ^  Of/1-  i-^x 
Of/  ^ 

//H  ^  f/Vt  ^■i^* 
/<«/,0  if/z  1-NO 


(III. B. 13) 


(III. P.14) 


(III. B. 15) 


(III. B. 16) 


(III. B. 17) 


(III. B. 18) 


where  the  /C's  are  the  corresponding  equilibrium  constants. 


VI  z. , 


/c,  Si  Ai  - 

A'  .  CW^'' 

/'I.  z  — T — 


(III. B. 19) 


(III. B. 20) 


^5  = 


Av-- 


4 


"  ^ 


Ciir.B.2i) 


(in.B.22) 


t/ 

Defining  Bi  =  and 

inspection  of  Eqs.  (ni.B.2  -  III. B. 31)  shows  that 
^  ^  and  (the  0,  N,  H  and  C  atom  numbers, 

respectively)  can  be  chosen  as  independent  variables. 
Solving  Eqs.  (111.8.19  -  III. B. 31)  in  terms  of  these 
variables  yields: 


4  *  b;b^ic, 

(III. 3. 32) 

4.  “  bis 

(III. B. 33) 

(III. B. 34) 

b^-  4*/^^ 

(III. B. 35) 

4  s  b^b^fCs 

(III. B. 36) 

(III. B. 37) 

-  b^b^fCf. 

(III. B. 38) 

(III. B. 39) 


{I!I.B.4i ) 


(III. B. 42) 


6/^  -  ki^bck^f^fs 


(III. B. 43) 
(III. B. 44) 


where  the  ^'s  are  functions  of  and  ^only  and  are 

/ 

given  by: 

C,  *  A'/Z^AjXA^ 

Ci  =  (ks/'Kf 

^  --  (  /^s/Xf 

Cs  =  kj  ks-ke/y^ 

Cj.  =  K^k^k^k^/y*  (I 

Cg  *  ^  k/p  k/i/y^ 

C  '  (.kg/yt 

c„  =  c/u/yt 

Qi  ~  Ajf  kix  /  y 

-  kgkskikykniy* 
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Substititlon  of  Eqs.  {III. B. 32  -  III. B. 44)  Into 
Eqs.  (Iir.B.2  -  III.B.5)  yields  a  system  of  four, 
nori-1 inear,  algebraic  equations,  viz., 

^ 


‘■z  Q  <5 


4  cv  c. 


MC*1,  X,  y,  i,  Z,  ^.3,1^ 

Cm  Cj> 


''Wm 
■  -"W 


4.UX  ^.xj_  +  uijcy 


-sa,  ^  o 


^  i 
I 

G  S 


i 


Rj.’  S 

i  I 


I 


ft 


es  » 


I  i 


I 
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fable  I 

(Clg)!*^  =  .3000  02  Y-j  =  .1380  01 


.1000  01 

.5000  00 

.2500  00 

.1580  00 

1 — 

CM 

-9170  01 

.9040  01 

.8900  01 

.8800  01 

.1640  02 

.1620  02 

.1610  02 

.1600  02 

.O'!  /  P2 

.5660  00 

.5640  00 

.5620  00 

.5510  00 

v/ 

.  1970  01 

.1950  01 

.1940  01 

.1930  01 

.1110  01 

.1100  01 

.1090  01 

.1080  01 

«1 

.5070  01 

.5040  01 

.5000  01 

.4970  01 

.9720  00 

.9670  00 

.9620  00 

.9580  00 

Yztfr) 

.1300  01 

.1300  01 

( 

.1300  01 

.1300  01 

Cl2'= 

.5280-02 

.5550-02 

.4020-02 

.3610-02 

»2' 

.3960  02 

.3950  02 

.3940  02 

.3940  02 

Cl" 

.1040  01 

.1280  01 

.1550  01 

.1730  01 

.9930  00 

.1220  01 

.1480  01 

.1660  01 

HCl'^ 

.5830  02 

.5800  02 

.5750  02 

.5720  02 

^  pressures  are  in 

atmospheres;  ^ 

velocities 

are  in  km/sec;  mole  fraction  percentage. 
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Table  I  (continued) 


"I 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

h'h 

.8760  01 

.8710  01 

.8640  01 

.8540  01 

.8470  01 

P2/P, 

.1590  02 

.1580  02 

.1580  02 

.1560  02 

.1560  02 

P"!  /  P2 

.5600  00 

.5600  00 

.5590  00 

.5580  00 

.5570  00 

''1 

.1920  01 

.1920  01 

-1910  01 

.1900  01 

.1890  01 

h 

.1080  01 

.1070  01 

.1070  01 

.1060  01 

.1060  01 

.4960  01 

.4950  01 

.4930  01 

.4910  01 

.4890  01 

Kjtfr) 

.9570  00 

.9550  00 

.9530  00 

.9500  00 

.9480  00 

Tf2(fP) 

.1300  01 

.1310  01 

.1310  01 

.1310  01 

.1310  01 

Cl  2 

.3450-02 

.3260-02 

.3020-02 

,2710-02 

.2500-02 

«2 

.3930  02 

.3930  02 

.3930  02 

.3920  02 

.3910  02 

Cl 

.1810  01 

.1900  01 

.2030  01 

.2200  01 

.2330  01 

II 

.1730  01 

.1820  01 

.1940  01 

.2100  01 

.2230  01 

HCl 

.5710  02 

.5700  02 

.5680  02 

.5650  02 

.5630  02 
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Table  II 


(Clg)^  =  .400D  02  =  .1370  01 


"l 

.1000 

01 

.5000 

00 

.2500 

00 

.1580 

00 

h'h 

.1030 

02 

.1000 

02 

.9750 

01 

.9580 

01 

Vi 

.1910 

02 

.1870 

02 

.1840 

02 

.1810 

02 

Pl/Pj 

.5570 

00 

.5550 

00 

.5540 

00 

.5530 

00 

''l 

.1850 

01 

.1830 

01 

.1810 

01 

.1790 

01 

''2 

.1030 

01 

.1010 

01 

.1000 

01 

.9900 

00 

"l 

.5450 

01 

.5400 

01 

.5330 

01 

.5290 

01 

HjCfr) 

.9b  . 

oO 

.9480 

00 

.9430 

00 

.9400 

00 

Y2(^>") 

.1310 

01 

.1310 

01 

.1320 

01 

.1320 

01 

Cl  2 

.3800- 

•01 

.3060- 

f 

-01 

.2430- 

•01 

.2070- 

-01 

»2 

.2080 

02 

.2080 

02 

.2090 

02 

.2090 

02 

Cl 

.4700 

01 

.5300 

01 

.5900 

01 

.6290 

01 

H 

.1940 

01 

.2210 

01 

.2490 

01 

.2670 

01 

HCl 

.7260 

02 

.7160 

02 

.7070 

02 

.7010 

02 

ii 


i 


I 
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Table  II  (continued) 


'’l 

.132D  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

T^/T, 

.9510  01 

.9430  01 

.9330  01 

.9180  01 

.9080  01 

Pj/P, 

.1810  02 

.1790  02 

.1780  02 

.1760  02 

.1740  02 

P,/P2 

.5520  00 

.5520  00 

.5510  00 

.5510  00 

.5500  00 

''l 

.1790  01 

.1780  01 

.1770  01 

.1760  01 

.1750  01 

''2 

.9860  00 

.9820  00 

.9760  CO 

.9680  00 

.9620  00 

«1 

.5280  01 

.5260  01 

.5230  01 

.5190  01 

.5170  01 

MjCfr) 

.9390  00 

.9370  00 

.9360  00 

.9330  00 

.9320  00 

Y2(f’^) 

.1320  01 

.1320  01 

.1320  01 

.1330  01 

.1330  01 

Cl  2 

.1950-01 

.1800-01 

.1620-01 

.1400-01 

.1260-01 

H2 

.2100  02 

.2100  02 

.2100  02 

.2100  02 

.2110  02 

Cl 

.6440  01 

.6630  01 

.6860  01 

.7190  01 

.7420  01 

H 

.2740  01 

.2830  01 

.2940  01 

.3090  01 

.3200  01 

HCl 

.6980  02 

.6960  02 

.6920  02 

.6870  02 

.6830  02 

Table  III  (continued) 


’’l 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

Tj/T, 

.9680  01 

.9590  01 

.9480  01 

.9320  01 

Pj/P, 

.1880  02 

.1860  02 

.1850  02 

.1820  02 

P/Pj 

.5510  00 

.5500  00 

.5500  00 

.5490  00 

h 

.1720  01 

.1710  01 

.1710  01 

.1690  01 

h 

.9480  00 

.9430  00 

.9370  00 

.9290  00 

.5380  01 

.5360  01 

.5330  01 

.5290  01 

"2 

.9310  00 

.9290  00 

.9280  00 

.9250  00 

TjCfr) 

.1340  01 

.1340  01 

.1340  01 

.1340  01 

Cl, 

.4040-01 

.3700-01 

.3300-01 

.2800-01 

H, 

.1320  0? 

.1320  02 

.1330  02 

.1340  02 

Cl 

.1000  02 

.1020  02 

.1050  02 

.1090  02 

H 

.2520  01 

.2590  01 

.2680  01 

.2810  01 

.395D-01 
.921  0  01 
.1800  02 
.5490  00 
.1680  01 
.9240  00 
.5260  01 
.9240  00 
.1350  01 
.2500-01 
.1340  02 
.1110  02 
.2900  01 


HCl 


.7430  0?  .7390  02  .7350  02 


.7290  02  .7250  02 


-  56 


Table 

IV 

(continued) 

”1 

.132D 

00 

-1050 

00 

.7890-01 

.5260-01 

.3950- 

•01 

T^/T, 

.967D 

01 

.9580 

01 

.9460  01 

.9300  01 

.9190 

01 

Pj/P, 

.1910 

02 

.1900 

02 

.1880  02 

.1860  0? 

.1840 

02 

P,/P2 

.5500 

00 

.5500 

00 

.5490  00 

.5490  00 

.5480 

00 

''l 

.1650 

01 

.1650 

01 

.1640  01 

.1630  01 

.1620 

01 

.9100 

00 

.9060 

00 

.9000  00 

.8920  00 

.8870 

00 

«1 

.5440 

01 

.5420 

01 

.5390  01 

.5350  01 

.5320 

01 

.9230 

00 

.9210 

00 

.9200  00 

.9170  00 

.9160 

00 

.1360 

01 

.1360 

01 

.1360  01 

.1370  01 

.1370 

01 

.8770- 

■01 

.7960- 

•01 

.7020-01 

.5870-01 

.5170- 

•01 

«2 

.6480 

01 

,6560 

( 

01 

.6660  01 

.6800  01 

.6900 

01 

Cl 

.1450 

02 

.1470 

02 

.1500  02 

.1540  02 

.1570 

02 

«2 

.1730 

01 

.1790 

01 

.1850  01 

.1950  01 

.2020 

01 

HCl 

.7720 

02 

.7680 

02 

,7640  02 

.7580  02 

.7530 

02 
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Table  V 


(Clj), 

=  .550D  02 

Yl 

=  .1360  01 

p, 

1 

.1000  01 

.5000 

00 

.2500 

00 

.1580 

00 

CVJ 

.9840  01 

.9620 

01 

.9400 

01 

.9250 

01 

P2/P1 

.1930  02 

.1900 

02 

.1870 

02 

.1850 

02 

P]  /  P2 

.5630  00 

.5610 

00 

.5590 

00 

.5570 

00 

.1610  01 

.1590 

01 

.1580 

01 

.1570 

01 

^2 

.9060  00 

.8940 

00 

.8820 

00 

.8740 

00 

"l 

.5550  01 

.5500 

01 

.5440 

01 

.5400 

01 

M2(fr) 

.9400  00 

.93^0 

00 

.9290 

00 

.9250 

00 

Y2(^’”) 

.1380  01 

.1380 

01 

« 

.1390 

01 

.1390 

01 

Cl  2 

.8830  00 

.6050 

00 

.4130 

00 

.3210 

00 

«2 

.7880  GO 

.9430 

GO 

.1120 

01 

.1250 

01 

Cl 

.1820  02 

.1510 

02 

.1980 

02 

.2030 

02 

H 

.2570  00 

.3230 

00 

.4010 

00 

4590 

00 

HCl 

.7990  02 

.7910 

02 

.7830 

02 

.7770 

02 

Table  V  (continued) 


.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

.9200  01 

.9130  01 

.9030  01 

.8910  01 

.8810  01 

.1840  02 

.1830  02 

.1820  02 

.1800  02 

.1790  02 

.5570  00 

.5560  00 

.5550  00 

.5540  00 

.5540  00 

.1560  01 

.1560  01 

.1550  01 

.1540  01 

.1530  01 

.8700  00 

.8660  00 

.8610  DO 

.8540  00 

.8490  00 

.5390  01 

.5370  01 

.5340  01 

.5310  01 

.5280  01 

.9230  00 

.9220  00 

.9190  00 

.9160  00 

.9140  00 

.1390  01 

.1400  01 

.1400  01 

.1400  01 

.1400  01 

.2900  00 

.2570  00 

.2200  00 

.1770  00 

.1520  00 

.1310  01 

.1370  01 

.1460  01 

.1580  01 

.1670  01 

.2040  02  , 

.2060  02 

.2090  02 

.2120  02 

.2150  02 

484D  00  . 

5140  00  , 

.5540  00 

.5130  00 

.6550  00 

7750  02  . 

7720  02  . 

7690  02 

.7640  02 

7600  02 
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Table  VI 


(CIj),  =■ 

.6000  02 

Yl  "  ' 

1350  01 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

Tj/T, 

.8250  01 

.7960  01 

.7690  01 

.7510  01 

fj/P, 

.1630  02 

.1580  02 

.1540  02 

.1510  02 

P"!  /  P2 

.5660  00 

.5660  00 

.5660  00 

.5660  on 

Vl 

.1420  01 

.1400  01 

.138:’  01 

.1360  01 

.8040  00 

.7920  00 

.7800  00 

.7720  00 

.5100  01 

.5030  01 

.4960  01 

.4910  01 

MgCfr) 

.9390  00 

.9350  00 

.9310  00 

.9280  00 

Y2(^»") 

.1390  01 

.1400  01 

.1410  01 

.1410  01 

Cl  2 

.7420  01 

.6530  01 

.5700  01 

.5180  01 

^2 

.1670-01 

.1330-01 

.1060-01 

.9110-02 

Cl 

.2100  02 

.2250  02 

.2390  02 

.2470  02 

^! 

.6690-02 

.5700-02 

.4820-02 

.4290-02 

HCl 

.7160  02 

.7100  02 

.7040  02 

.7010  02 

iHBI 


. . . 


-  6G  - 


Tahls  VI  (continued) 


"I 

.1320  00 

■.1050D  00  .7890*01 

.5250-01 

.3950-01 

I2/"; 

.7440  01 

.7360  01 

.7260  01 

.7120  01 

.7020  01 

Pj/P, 

.1500  02 

.1490  02 

.1470  02 

.1450  02 

.1430  02 

P,/P2 

.5660  00 

.5660  00 

.5660  00 

.5650  CO 

.5670  OC 

h 

.1360  01 

.1550  01 

*1340  01 

.1330  01 

.1330  01 

h 

.7690  00 

.7660  00 

.7610  00 

.7550  GO 

.7510  00 

"1 

.4890  01 

.4870  01 

.4840  01 

.4800  01 

.4770  01 

HjCfr) 

.9270  00 

.9260  00 

.9250  00 

.924l  00 

.9230  00 

YjCfr) 

.1420  01 

.1420  01 

.1420  01 

.1420  01 

.1430  01 

CI2 

.5000  01 

.4750  01 

.4460  01 

.4070  01 

.3800  01 

Hj 

.8590-02 

.  8000-02 

.7310-02 

.6450-02 

.5920-02 

Cl 

.2500  02  . 

.2540  02 

.2590  02 

.2660  02 

.2700  02 

«2 

.4100-02  . 

3870-02 

.3600-02  . 

3260-02  . 

3030-02 

HCl 

.7000  02  . 

6980  02  . 

6960  02  . 

6940  02  . 

6920  02 
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Table  VII 


(Clg)^  = 

.7000  02 

^1  =  • 

1340  01 

p. 

( 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

T^/T, 

.6880  01 

.6650  01 

.6430  01 

.6280  01 

P^/Pl 

.1310  02 

.1280  02 

.1250  02 

.1220  02 

p-j  /  P2 

.5640  00 

.5630  00 

.5520  00 

.5610  00 

v. 

.1  170  01 

.1150  01 

.1130  01 

.1120  01 

^2 

.6590  00 

.6480  00 

.6370  00 

.6300  00 

.4540  01 

.4470  01 

.4410  01 

.4360  01 

M2(fr) 

.9420  00 

.9370  00 

.9320  00 

.9290  00 

Y2{fr) 

.1340  01 

.1350  01 

.1.360  01 

.1360  01 

Cl  2 

.3040  02 

.2960  02 

.2870  02 

.2820  01 

H2 

.3840-03 

.2660-03 

.1810-03 

.1390-03 

Cl 

.1360  02 

.1490  02 

.1610  02 

.1690  02 

H 

.1230-03 

.9260-04 

.6800-04 

.5460-04 

HCl 


.5590  02  .5550  02  .5520  02  .5490  02 
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Table  VII  (continued) 


"l 

.132D  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

h'h 

,6230  01 

.6160  01 

.6070  01 

.5950  01 

.5870  01 

Pj/P, 

.1220  02 

.1210  o: 

.1190  02 

.1170  02 

.1160  C2 

r,/P2 

.5610  00 

.5600  00 

.5600  00 

.5600  no 

.5590  00 

''l 

.1120  01 

.1110  01 

.1110  Oi 

.1100  01 

.1090  01 

.6270  00 

.6240  00 

.6190  00 

.6130  00 

-6090  00 

.4340  01 

.4320  01 

.4300  01 

.4260  01 

.4230  01 

H2(fr) 

.9270  00 

.9260  00 

.9240  00 

.9210  00 

.9200  00 

.1360  01 

.1360  01 

.1370  01 

.1370  01 

.1370  01 

Cl  2 

.2800  02 

.2770  02 

.2740  02 

.2690  02 

.2660  02 

«2 

.1250-03 

.1100-03 

.9270-04 

.7250-04 

.6080-04 

Cl 

.1720  02 

.1760  02 

.1800  02 

.1860  02 

.1910  02 

H 

.4990-04 

.4460-04 

.3850-04 

.3110-04 

.2660-04 

HCl 

.5480  02 

.5470  02 

.5460  02 

.5440  02 

.5430  02 
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Table  VIII 


(CSg)^  =  .2500  02 


=  ,1330  01 


.1000  01  .5000  00  .2500  00  .1580  00 


T  /T,  .1360  02  .1310  02  .1260  02  .1230  02 

2  1 


Pg/P^  .2620  02  .2550  02  .2480  02  .2440  02 


p-j  /  P2 


.5400  00  .5400  00  .5390  00  .5390  00 


.1780  01  .17l'D  01  .1730  01  .1710  01 


V2  .9590  00  .9450  00  .9310  00  .9210  00 


.6410  01  .6320  01  .623P  01  .6180  01 


I  k 


fl2(fr)  .9840  00  .9750  00  ,9670  00  .9620  00 


T2{l‘r)  .1170  01  .1190  01  .1200  01  .1210  01 


Table  VIII  (continued) 


fl 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950 

-01 

Tj/T, 

.1220  02 

.1210  02 

.1190  02 

.1170  02 

.1150 

02 

Pj/P, 

.2430  02 

.2410  02 

.2380  02 

.2340  02 

.2320 

02 

P,/P2 

.5390  00 

.5380  00 

.5380  00 

.5380  00 

.5380 

00 

"l 

.1700  01 

.1700  01 

.1690  01 

.1670  01 

.1660 

01 

''2 

.9180  00 

.9130  00 

.9080  00 

.9000  00 

.8940 

00 

.6150  01 

.6130  01 

.6090  01 

.6040  01 

.6010 

01 

M2(fr) 

.9610  00 

.9590  00 

.9560  00 

.9530  00 

.9510 

00 

YjIfP) 

.1210  01 

.1220  01 

.1220  01 

.1230  01 

.1230 

01 

- - 
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Table  VIII  (continued) 


Pi 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

€$2 

.2050-05 

.1130-05 

.6180-06 

.4130-06 

CS 

.9400-04 

.6140-04 

.3970-04 

.2960-04 

CO 

.1740  02 

.1760  02 

.1770  02 

.1780  02 

'"■T02"-'-- 

66 ID  01 

.6200  01 

.5 840. 01 

-.5630  01 

COS 

.8240-02 

.5910-02 

.4230-02 

.3380-02 

^2 

.5650-11 

.1810-11 

.5630-12 

.2570-12 

C 

.1060-05 

.6150-06 

.3500-06 

.2380-06 

Og 

.1580  02 

.1560  02 

.1530  02 

.1510  02 

0 

.1240  02 

.1330  02 

.1420  02 

.1480  02 

SOp 

.2420  02 

.2370  02 

.2320  02 

.2290  02 

so 

.2080  02 

.2080  02 

.2080  02 

.2080  02 

^2 

.2090  00 

.1840  00 

.1620  00 

.1490  00 

S 

,2510  01 

.2650  01 

.2790  01 

.2870  01 

Table  VIII  (continued) 


132D  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

352D-06 

.2890-06 

.2240-06 

.1560-06 

.1210-06 

263D-04 

.2270-04 

.1880-04 

.1440-04 

.1190-04 

178D  02 

.1790  02 

.1790  02 

.1800  02 

.1800  02 

555D  01 

.5460  01 

.5340  01 

.5180  01 

.5080  01 

310D-02 

.2780-02 

.2420-02 

.1990-02 

.1730-02 

188D-12 

.1270-12 

.7730-13 

.3800-13 

.2290-13 

204D-06 

.1690-06 

.1320-06 

.9390-07 

.7220-07 

150D  02 

.1490  02 

.1480  02 

.1460  02 

.1450  02 

150D  02 

.1520  02 

.1560  02 

.1600  02 

.1640  02 

228D  02 

,2270  02 

.2250  02 

.2230  02 

.2220  02 

208D  02 

.2080  02 

.2070  02 

.2070  02 

.2070  02 

144D  00 

.1380  00 

.1300  00 

.1210  00 

.1140  00 

290D  01 

.2940  01 

.2990  01 

.3050  01 

.3100  01 

Table  IX 


(CSj), 

1  =  .3000  02 

Y,  = 

.1320  01 

■■l 

•^OOD  01  .5000  00  .2500  00 

.1580  00 

Tj/T, 

•1370  02  .1320  02  .1270  02 

.1240  02 

Pj/P, 

•2730  02  .2660  02  .  “OO  02 

.2550  02 

Pj/Pj 

•5400  00  .5400  00  .5390  00 

.5390  00 

•1770  01  ,1750  01  .1720  01 

.1710  01 

'a 

•9570  00  .9430  00  .9290  00 

.9190  00 

•6590  01  .6490  01  .6400  01 

.6340  01 

M2(fr) 

.9820  00 

.9730  00 

.9650  00 

.1170  01 

.1190  01 

.1210  01 

.1220  01 


.1320 

00 

.1050 

00 

.7890 

-01 

.5260-01 

.3950 

-01 

.1230 

02 

.1220 

02 

.1200 

02 

.1180  02 

.1160 

02 

.2530 

02 

.2510 

02 

.2490 

02 

.2450  02 

.2420 

02 

.5390 

00 

.5380 

00 

.5380 

00 

.5380  00 

.5380 

00 

.1700 

01 

.1690 

01 

.1680 

01 

.1670  01 

.1660 

01 

.9160 

00 

.9110 

00 

.9050 

00 

.8970  00 

.8920 

00 

.6320 

01 

.6290 

01 

.6250 

01 

.6200  01 

.6170 

01 

.9590 

00 

.9570 

00 

.9540 

00 

.9510  00 

.9490 

00 

.1220 

01 

.1220 

01 

.1230 

01 

.1230  01 

.1240 

01 

Table  IX 

(continued) 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

.1370-04 

.7430-05 

.401 0-05 

.2660-05 

.3450-03 

.2240-03 

.1440-03 

.1070-03 

.2210  02 

.2220  02 

.2230  02 

.2240  02 

.5710  01 

.5330  01 

.5000  01 

.4800  01 

.1980-01 

.1410-01 

.9970-02 

.7940-02 

.2370-10 

.7560-11 

.2360-11 

.1080-11 

.2300-05 

.1340-05 

. 7650-06 

.5230-06 

.8070  01 

.7990  01 

.7890  01 

.7810  01 

.9300  01 

,1000  02 

.1080  02 

.1120  02 

,2160  02 

.2100  02 

.2060  02 

.2030  02 

2760  02 

.2750  02 

.2750  02 

.2740  02 

7420  00 

.6500  00 

.5680  GO 

.5190  00 

4920  01 

.5180  01 

.5430  01 

.5600  01 

Table  IX  (continued) 


Pi 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

CSg 

.2260-05 

.1850-05 

.1430-05 

.9940-06 

.7670-06 

cs 

.9480-04 

.8190-04 

.6780-04 

.5180-04 

.4270-04 

CO 

.2240  02 

.2240  02 

.2240  02 

.2250  02 

.2250  02 

C02 

.4730  01 

.4640  01 

.4530  01 

.4390  01 

.4290  01 

cos 

.7260-02 

.6500-02 

.5640-02 

.4620-02 

.4010-02 

^2 

.7860-12 

.5340-12 

.3240-12 

.1590-12 

.9600-13 

c 

.4490-06 

.3710-06 

.2910-06 

.2050-06 

.1590-06 

°2 

.7780  01 

.7740  01 

.7690  01 

.7610  01 

.7550  01 

0 

.1140  02 

.1160  02 

.1190  02 

.1230  02 

.1250  02 

SO2 

.2020  02 

.2000  02 

.1990  02 

,1970  02 

.1950  02 

SO 

.2740  02 

.2740  02 

.2730  02 

.2720  02 

.2720  02 

^2 

.5010  00 

.4790  00 

.4520  00 

.4170  00 

,3940  00 

S 

.5660  01 

.5730  01 

.5830  01 

.5950  01 

.6040  01 

Table  X 


(CSg)^ 


p^/Pi 

p^/p^ 


Mo(fr) 


y^K^r) 


.350D  02  ■ 

.TOOD  01  .5000  00 

.1350  02  .1300  02 

.2780  02  .2720  02 

.5420  00  .5410  00 

.1750  01  .1730  01 

.9480  00  .9340  00 

.6680  01  .6600  01 

.9790  00  .9700  00 

.1190  01  .1210  01 


-  .1310  Cl 

.2500  00  .1580  00 

.1260  02  .1230  02 

.2650  02  .2610  02 

.5400  00  .5400  00 

.1700  01  .1690  O'i 

.9200  00  .9110  00 

.6510  01  .6450  01 

.9620  GO  .9580  00 

.1220  01  .1230  01 
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Table  X  (continued) 


Tj/T, 

Pj/P, 
P"!  /  p2 


M2(fr) 


.132D  00 

.1220  02 

.2590  02 

.5400  00 

.1680  01 

.9070  00 

.6420  01 

.9570  00 

.1230  01 


.1050  00 

.1210  02 

\ 

.2570  02 

.5390  00 

.1670  01 

.9030  00 

.6400  01 

.9550  00 

.1240  01 


.7890-01 

.1190  02 

.2540  02 

.5390  00 

.1660  01 

.8970  00 

.6360  01 

.9520  00 

.1240  01 


.5260-01 

.1170  02 

.2510  02 

.5390  00 

.1650  01 

.8900  00 

.6310  01 

.9490  00 

.1240  01 


3950-01 

.1150  02 

.2480  02 

.5380  00 

.1640  01 

.8840  00 

.6270  01 

.9470  00 

.1250  01 
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Table  X  (continued) 


.1000  01 

.5000  00 

.2500  00 

.1580  00 

CSg 

.7740-04 

.4170-04 

.2240-04 

.1480-04 

cs 

.9900-03 

.6430-03 

.4140-03 

.3080-03 

CO 

.264^  02 

.2640  02 

.2650  02 

.2650  02 

o 

o 

ro 

.4900  01 

.4550  01 

.4250  01 

.4070  01 

COS 

.4360-01 

.3070-01 

.2170-01 

.1720-01 

^2 

.5290-10 

.1720-10 

.5470-11 

.2520-11 

c 

.2980-05 

.1770-05 

.1030-05 

,7130-06 

'■2 

.3250  01 

.3260  01 

.3250  01 

.3240  01 

0 

,5230  01 

.5730  01 

.6220  01 

.6540  01 

SO2 

.1820  02 

.1780  02 

.1730  02 

.1710  02 

SO 

.3180  02 

.3190  02 

.3190  02 

.3190  02 

$2 

.2320  01 

.2030  01 

.1770  01 

.1620  01 

S 

.7830  01 

.8310  01 

.8760  01 

.9050  01 

74 
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^1 


5  g 


Table  X  (continued) 


Pi 

.1320  00 

.1050  00 

.7890-01 

.7260-01 

.3950-01 

CSg 

.1260-04 

.1030-04 

.7920-05 

.5480-05 

.4220-05 

cs 

.2730-03 

.2360-03 

.1960-03 

.1500-03 

.1230-03 

CO 

.2650  02 

.2650  02 

.2650  02 

.26'^'^  02 

.2660  02 

C02 

.4000  01 

.3930  01 

.3830  01 

.3700  01 

.3610  01 

cos 

.1570-01 

.1410-01 

.1220-01 

.9950-02 

.8620-02 

.1850-11 

.1260-11 

.7720-12 

.3830- '  ’ 

.2320-12 

c 

.6140-06 

.5110-06 

.4030  06 

.2850-06 

.2240-06 

°2 

.3240  01 

.3230  01 

.3220  01 

.3210  01 

.3190  01 

0 

.6670  01 

.6820  01 

./OlO  01 

.7290  01 

.7480  01 

SO2 

.1700  02 

.1690  02 

.1670  02 

.  1  6 0  02 

.1640  02 

SO 

.3180  02 

.3180  02 

.3180  02 

.3170  02 

.3170  02 

$2 

.1560  01 

.1490  01 

.1400  01 

.1290  01 

.1220  01 

S 

.9160  01 

.9300  01 

.9470  01 

.9700  01 

.9850  01 

~^i  ,;. 


,3.^:-;^/#.(]i<Utia^ 
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Table  XI 

(CSg)^  =  .400D  02  Y]  =  -1300  01 

.1000  01  .5000  00  .2500  00  .1580  00 

Tg/T^  .1290  02  .1250  02  .1210  02  .1180  02 

P^/P-i  .2740  02  .2680  02  .2620  02  .2580  02 

p^/P2  .5450  00  .5450  00  .5440  00  .5430  00 

V,  .1700  01  .1680  01  .1660  01  .1640  01 

Yg  .9280  00  .9150  00  .9020  00  .8940  00 

.6680  01  .6590  01  .6510  01  .6450  01 

Mj,{fr)  .9760  00  .9680  00  .9620  00  .9580  CO 

Y2(fr)  .1210  01  .1230  01  .1240  01  .1250  01 


Table  X!  (continued) 


.132D  00 

.1170  02 

.2560  02 

.5430  00 

,1640  01 

8900  00 

6430  01 

9570  00 

1250  01 


.1050  00 

.1160  02 

.2540  02 

.5430  00 

.1630  01 

.8860  00 

.6400  01 

.9550  00 

.1250  01 


.7890-01 

.1150  02 

.2520  02 

.5420  00 

.1620  01 

.8810  00 

.6370  01 

.9530  00 

.1250  01 


.5260-01 

.1130  02 

.2480  02 

.5420  no 

.1610  01 

.8740  00 

.6320  01 

.9510  00 

.1260  01 


.3950-01 

.1110  02 

.-1460  02 

.5420  00 

.1600  01 

.8680  00 

.6290  01 

.9490  00 

.1260  01 


Table  XI  (continued) 


.1000  01 

.5000  00 

.2500  00 

.1580  00 

.3890-03 

.2170-03 

.1210-03 

.8140-0 

.2190-02 

.1460-02 

.9570-03 

.7210-03 

,3020  02 

.3020  02 

.3030  02 

.3030  02 

.4320  01 

.3980  01 

.3700  01 

.3530  01 

.9130-01 

.6540-01 

.4680-01 

.3750-01 

.5500-10 

.1830-10 

.5940-11 

.2780-11 

.2030-05 

.1220-05 

.7220-06 

.5040-06 

.9420  00 

.9390  00 

.9310  00 

.9250  00 

.2000  01 

.2190  01 

.2380  01 

.2500  01 

.1480  02 

.1440  02 

.1400  ''2 

.1380  02 

.3140 

,3180  02 

.3210  02 

.3220  02 

.6540  01 

.5880  01 

.5270  01 

.4890  01 

.9790  01 

.1060  02 

.1130  02 

.1180  02 
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Table  XI  (continued) 


P] 

.1320  00  ■ 

.1050  00 

.7890-01 

.7260-01 

.3950-01 

CS2 

.69CD-04 

.5740-04 

.4470-04 

.3150-04 

.2450-04 

cs 

.6430-03 

.5600-03 

.4670-03 

.3600-03 

.3000-03 

CO 

.3030  02 

.3030  02 

.3030  02 

.3030  02 

.3030  02 

C02 

.3460  01 

.3390  01 

.3300  01 

.3170  01 

.3090  01 

cos 

.2430-01 

.3080-01 

.2680-01 

.2200-01 

.1910-01 

C2 

.2050-11 

.1410-11 

.8690-12 

.4360-12 

.2670-12 

c 

.436D-0b 

.3640-06 

.2880-06 

.2070-06 

.1630-06 

02 

.9230  00 

.9190  00 

.9140  00 

.9080  00 

.9030  00 

0 

.2550  01 

.2610  01 

.2680  01 

.2790  01 

.2860  01 

S02 

.1370  02 

.1360  02 

.1350  02 

.1330  02 

.1320  02 

so 

.3230  02 

.3230  02 

.3240  02 

.3250  02 

.3250  02 

S2 

.4740  01 

.4570  01 

.4350  01 

.4050  01 

.3850  01 

s 

.1200  02 

.1230  02 

.1260  02 

.1300  02 

.1330  02 

. . . . 
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Table  XII 


=  .1000  01 


(CS2)^  .5000  02  .6^00  02  .7000  02  .8000  02 


Tg/T^  .1140  02  .9890  01  .7480  01  .5330  01 


-2530  02  .2280  02  .1700  02  .1100  02 


P^/Pp  .5490  00  .5540  00  .5690  00  .5690  00 


.1570  01  ,1440  0’  1210  01  .1920  01 


Vp  .8640  00  .7970  00  .6880  00  .5250  00 


.6480  01  .6200  01  .5430  01  .4310  01 


M2(fr)  .9680  00  .9670  00  .9910  00  .9910  00 


,1290  01  .1270  01  .1260  01  .1240  01 


Y^Cfr)  .1250  01  .1270  O;  .1270  01  .1220  01 
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Table  XII  (continued) 


(CS2)i 

.5000  02  ■ 

.6000  02 

.7000  02 

8000  02 

€$2 

.3750-02 

.2120-01 

.7730  01 

.3430  02 

CS 

.4530-02 

.5810-02 

.1040  00 

.3700-02 

CO 

.3670  02 

.4280  02 

.4470  02 

.2920  02 

CO2 

.4010  01 

.3550  01 

.7650-01 

.1410  00 

COS 

.2700  00 

.5990  00 

.1650  01 

.4640  01 

C2 

.1430-10 

.1790-11 

.3950-11 

.2320-17 

C 

.3050-06 

.2220-07 

.7160-09 

.9450-15 

O2 

.6370-01 

.2190-02 

.9210-09 

.6040-13 

0 

.1870  00 

.9150-02 

.2390-06 

.9320-11 

0 

ro 

8380  01 

.2620  01 

.1190-03 

.13^^-04 

so 

.1990  02 

.6880  01 

.1080-01 

.2860-03 

^2 

.2290  02 

.4020  02 

.4550  02 

.3170  02 

S 


767b  01  .3300  01  .2350  00  .2220-02 


=  .K32D  00 

(082)^  .5000  02 

1^/J^  .1040  02 

Pg/P.,  .2380  02 

p^/p2  .5470  00 

.1520  01 

V2  .8290  00 

.6250  01 

M2(fr)  .9550  00 

Y-,  .1290  01 

Y2(fr) 
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Table  XIII 


.6000  02  .7000  02  .8000  02 


.9240  01  .7320  01  .5140  01 


,2180  02  .1680  02  .1070  02 


5500  00  .5670  00  .5720  00 


1400  01  .1200  01  .9110  00 


7700  00  .6790  00  .5210  00 


,6030  01  .5380  01  .4260  01 


,9560  00  .9850  00  .9'3J  (k 


1270  01  .1260  01  .1240  . 


.1270  1  .1280  01  .1270  01  .1230  01 


Table  XIII  (ccntinued) 


(CS^)] 

.5000  02 

.6000  02 

.7000  02 

.8000  02 

CS2 

.8950-03 

.5430-02 

.7500  01 

.3380  02 

cs 

.1510-02 

.2170-02 

.2090  00 

.5090-02 

CO 

.3690  02 

.4330  02 

.4540  02 

.3140  02 

C02 

.3140  01 

.2720  01 

.1310-01 

.3530-01 

cos 

.1160  00 

.2640  00 

.6720  00 

.2300  01 

C2 

.5180-12 

.8930-13 

.1000-10 

.1520-17 

c 

.6100-07 

.5810-08 

.2180-08 

.9200-15 

02 

.5280-01 

.2050-02 

.1010-09 

.5370-14 

0 

.2080  00 

.1190-01 

.1600-06 

.3810-11 

S02 

.7760  01 

.2440  01 

.7370-05 

.1230-05 

so 

.2120  02 

,7820  01 

.3890-02 

.1030-03 

S2 

.2060  02 

.3860  02 

.4570  02 

.3250  0? 

s 

.1010  02 

.4840  01 

.5000-01 

.3530-01 

Table  XIV 


P,  =  .100D 

01 

O2 

=  .3330 

C0/{C0+H2) 

.9850  02 

.8500  02 

.7000  02 

Tj/T, 

.1180  02 

.1170  02 

.1180  02 

Pj/P, 

.1840  02 

.1830  02 

.1830  02 

P-j  /  P2 

.5430  00 

.5430  00 

.5430  00 

'^1 

.1800  1' 

.1870  01 

.1970  01 

''2 

.9800  00 

.1020  01 

.1070  01 

.5230  01 

.5210  01 

.5210  01 

H2{fr) 

-1000  01 

.9960  00 

-9920  00 

.1400  01 

.1400  01 

.1400  01 

Y2(f'') 

.1120  01 

.1130  01 

.1140  01 

Tt.'  'C' 

XIV  (continued) 

C0/{C0+H2) 

.550D  02 

.4000  02 

.2500  02 

Tj/T, 

.1190  02 

.1200  02 

.1210  02 

P2/P, 

.1840  02 

.1850  02 

.1860  02 

P-j  /  P2 

.5430  00 

.5440  00 

.5440  00 

''1 

,2090  01 

.2240  01 

.2420  01 

''2 

.1140  01 

.1220  01 

.1310  01 

.5220  O'* 

.5230  01 

.5250  01 

M2(fr) 

.9870  00 

.9810  00 

.9750  00 

h 

.1400  01 

.1400  01 

.1400  01 

Ilifr) 

.1160  01 

.1170  01 

.1190  01 

I  wav 


Table  XIV  (continued) 


C0/(C0+H2)  .9850  02  .8500  02  .7000  02 
COg  .4000  02  .3390  02  .2550  02 
CO  .3730  02  .3300  02  .2880  02 


0 

H2O 

OH 

H2 

H 


C 


2 


C 


.1600  02 

.4720  01 

.3810  00 

.1200  01 

,4440-01 

.297D  00 

.2100-12 

.6230-07 


.1380  02 

.4260  01 

.7650  01 

.5100  01 

.9320  00 

.1330  01 

.1670-12 

.5370-07 


.1210  02 

.4130  01 

.1660  02 

.7460  01 

.2260  01 

.2140  01 

.1710  12 

.5690-07 
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Table  XIV  (continued) 


CO/CCO+Hg)  .550D  02 

.4000  02 

.2500  02 

CO2 

.1940  02 

.1290  02 

.7180  01 

CO 

.2420  02 

.1900  C2 

.1280  02 

O2 

.1040  02 

.8830  01 

.7270  01 

0 

.4100  01 

.4080  01 

.4050  01 

H20 

.2560  02 

.3410  02 

.4200  02 

OH 

.9280  01 

.1080  02 

.1210  02 

«2 

.3970  01 

.6230  01 

.9240  01 

H 

.3000  01 

.4040  01 

.6330  01 

C2 

.1850-12 

.1890-12 

.1540-12 

1 

c 

.6370-07 

.7090-07 

.7120-07  I 

Table  XV 


.1000  02 

Yl  =  • 

1400  01 

”1 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

Tj/T, 

.1150  02 

.1120  02 

.1080  02 

.1060  02 

Pj/Pi 

.1800  02 

.1760  02 

.1730  02 

.1700  02 

P^j  /  P2 

.5430  00 

.5430  00 

.5420  00 

.5420  00 

.1790  01 

.1760  01 

.1740  01 

.1730  01 

''2 

.9700  00 

.9580  00 

.9460  00 

.9380  00 

"1 

.5160  01 

.5100  01 

.5040  01 

.5000  01 

Mjffi-) 

.9940  00 

.9870  00 

.9800  00 

.9750  00 

Y2(fr)  .1140  01  .1150  01  .1160  01  .1170  01 


I '  Vii 
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Table  XV  (continued) 


.1320  00  .1050  00  .7890-01  .5260-01  .3950-01 


T2/T^  .1050  02  .1040  02  .1030  02  .1020  02  .1000  02 


Pg/P^  .1690  02  .1680  02  .1660  02  .1640  02  .1630  02 


p^/P2  .5420  00  .5420  00  .5420  00  .5420  00  .5420  00 


-1720  01  .1720  01  .1710  01  .1700  01  .1690  01 


V2  .9350  00  .9310  00  .9260  00  .9200  00  .9150  00 


.4990  01  .4970  01  .4940  01  .4910  01  .4880  01 


M2(fr)  .9740  00  .9720  00  .9690  00  .9660  00  .9640  00 


,1170  01  .1180  01  .1180  01  .1190  01  .1190  01 


m 


^-i7ia  I  r  - 1  ~  I '  - 1~ 
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Table  XV  (continued) 


Pi 

.1000  01 

.5000  00 

.2500  00 

C02 

.3793  02 

,3650  02 

.3530  02 

CO 

.3140  02 

.3220  02 

.3290  02 

02 

.1270  02 

.1300  02 

.1330  02 

0 

.3360  01 

.3720  01 

.4080  01 

c 

.1060  02 

.1060  02 

.1060  02 

N 

.1160-02 

.9980-03 

.8500-03 

NO 

.2210  01 

.2040  01 

.1870  01 

NgO 

.1790-03 

.1150-03 

.7340-04 

NOg 

.2820-02 

,1960-02 

.1350-02 

H2O 

.4580  00 

.4360  00 

.4150  00 

OH 

.1080  01 

.1070  01 

.1060  01 

H2 

.4810-01 

.4950-01 

.5080-01 

H 

.2540  00 

,2890  00 

.3270  00 

C2 

.7070-13 

.2360-13 

.7650-14 

C 

.2770-07 

.1660-07 

.9780-08 

N’’ 

.5330-04 

.3790-04 

.2670-04 

UNO 

.9870-04 

.5410-04 

.41^0-04 

.1580  00 
.3460  02 
.3330  02 
.1350  02 
.4320  01 
.1060  02 
.7600-03 
.1770  01 
.5440-04 
.1050-02 
.4020  00 
.1040  01 
,5160-01 
.3530  00 
.3580-14 
.6810-08 
.2110-04 
.3090-0^^ 


-  90  - 


Table  XV  (continued) 


"l 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

o 

o 

ro 

.3430  02 

.3400  02 

.3360  02 

.3300  C2 

.3260  02 

CO 

.3350  02 

.3370  02 

.3400  02 

.3430  02 

.3450  02 

02 

.1350  02 

.1360  02 

.1370  02 

.1380  02 

.1390  02 

0 

.4410  01 

.4530  01 

.4680  01 

.4900  01 

.5050  01 

N2 

.1060  02 

.1060  02 

.1060  02 

.1060  02 

.1060  02 

N 

.7260-03 

.6860-03 

.6370-03 

.5720-03 

.5290-03 

NO 

.1720  01 

.1670  01 

.1610  01 

.1530  01 

.1470  01 

N2O 

.4830-04 

.4180-04 

.3460-04 

.2650-04 

.2190-04 

NOg 

.9540-03 

.8450-03 

.7220-03 

.5780-03 

.4930-03 

H^O 

.3970  00 

.3900  00 

.3830  00 

.3720  00 

.3650  00 

OH 

.1040  01 

.1030  01 

.1020  01 

.1010  01 

.9970  00 

»2 

.5190-01 

.5220-01 

.5270-01 

.5320-01 

.5360-01 

H 

.3640  00 

.3780  00 

.3960  00 

.4220  00 

.4410  00 

c.. 

.2650-14 

.1820-14 

.1120-14 

.5630-15 

.3440-15 

C 

.5890-08 

.4920-08 

.3890-08 

.2790-08 

.2190-08 

NH 

.1920-04 

.1710-04 

.1470-04 

.1180-04 

.1010-04 

HNO 

.2750-04 

.2380-04 

.1980-04 

.1500-04 

.1260-04 

,•  '•''•r.rf'ii'w’i,* I'l.vJi' M  ■» f I" , -f, '  .  ■lai’W'/itt iw'avfff ii»wpnnrtW(i'«'wwprir!i>!^ 
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Table  XVI 


(N2)i  =  .2000  02 


Y^  =  .1400  01 


^1  .1000  01  .5000  00  .2500  00  .1580  00 


T2/T^  .1120  02  .1090  02  .1060  02  .1040  02 


Pg/P^  .1760  02  .1730  02  .1690  02  .1670  02 


P^/p2  .5440  00  .5430  00  .5430  00  .5430  00 


.1770  01  .1750  01  .1730  01  .1720  01 


,9620  00  .9510  00  .9400  00  .9320  00 


M-j  .5110  01  .5050  01  .4990  01  .4950  01 


M2{fr)  ,9880  00  .9810  00  ,9750  00  .9710 


00 


Y2(f>')  .1150  01  .1160  01  .1180  01  .11 


80  01 


B 
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Table  XVI  (continued) 


’’l 

.1320 

00 

.1050 

00 

.7890- 

01 

.5260- 

01 

.3950- 

01 

Tj/T^ 

.1030 

02 

.1020 

02 

.1010 

02 

.9950 

01 

.9840 

01 

Vl 

.1660 

02 

.1650 

02 

.1640 

02 

.1620 

02 

.1600 

02 

P-J  /  P2 

.5430 

00 

.5420 

00 

.5420 

00 

.5420 

00 

.5420 

00 

''l 

.1710 

01 

.1710 

01 

.1700 

01 

.1690 

01 

.1680 

01 

.9290 

00 

.9260 

00 

.9210 

00 

.9150 

00 

.9100 

00 

.4940 

01 

.4920 

01 

.4900 

01 

.4870 

01 

.4840 

01 

.9700 

00 

.9680 

00 

.9660 

00 

.9630 

00 

.9610 

00 

rilfr) 

.1190 

01 

,1190 

01 

.1190 

01 

.1200 

01 

.1200 

01 
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Table  XVI  (continued) 


Pi 

.lOOD  01 

.5000  00 

.2500  00 

.1530  00 

C02 

.3540  02 

.3420  02 

.3310  02 

.3240  02 

CO 

.2570  02 

.2650  02 

.2720  02 

.2760  02 

^2 

.1020  02 

.1050  02 

.1080  02 

.1100  02 

0 

.2380  01 

.2670  01 

.2970  01 

.3170  01 

N2 

,2200  02 

.2200  02 

.2190  02 

.2190  02 

N 

.1070-02 

.9340-03 

.8080-03 

.7300-03 

NO 

.2620  01 

.2430  01 

.2240  01 

.2120  01 

N2O 

.3000-03 

.1940-03 

.1240-03 

.9270-04 

NO2 

.3120-02 

.2180-02 

.1520-02 

.1190-02 

H2O 

.5350  00 

.5100  00 

.4860  00 

.471  0  00 

OH 

.9540  00 

.9530  00 

.9470  00 

.941  0  00 

«2 

.5000-01 

.5170-01 

.5340-01 

.5440-01 

H 

.2100  00 

.2420  00 

.2770  00 

.3010  00 

Co 

c. 

.2150-13 

.7460-14 

.2520-14 

.1210-14 

c 

.1160-07 

.7180-08 

.4350-08 

.3090-08 

NH 

.5680-04 

.4100-04 

.2930-04 

.2330-04 

HNO 

.1170-03 

.7670-04 

.5000-04 

.3760-04 
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Table  XVI  (continued) 


.1320  00 

.1050  00 

.7890-01 

.5260-  01 

.3950-01 

COg 

.3210  02 

.3180  02 

.3140  02 

.3090  02 

.3050  02 

CO 

.2/80  02 

.2800  02 

.2830  02 

.2860  02 

.2880  02 

Og 

.1110  02 

.1120  02 

.1130  02 

.1140  02 

.1150  02 

0 

.3250  01 

.3350  01 

.3480  01 

.3660  01 

.3790  01 

N2 

.2190  02 

.2180  02 

.2180  02 

.2180  02 

.2180  02 

N 

.7000-03 

.6650-03 

.6210-03 

.5620-03 

.5230-03 

NO 

.2080  01 

.2020  01 

.1950  01 

.1850  01 

.1780  01 

N3O 

.8240-04 

.7130-04 

.5920-04 

.4550-04 

.3770-04 

NOg 

.1080-02 

.9600-03 

.8230-03 

.6620-03 

.5660-03 

H2O 

.4650  00 

.4580  00 

.4500  00 

.4370  00 

.4290  00 

OH 

.9380  00 

.9340  00 

.9290  00 

.9200  00 

.9130  00 

«2 

.5480-01 

.5530-01 

.5590-03 

.5660-03 

.5720-03 

H 

.3110  00 

.3240  00 

.3410  00 

.3650  00 

.3830  00 

^2 

.9040-15 

.6300-15 

.3940-15 

.2180-15 

.1250-15 

C 

.2690-08 

.2270-08 

.1820-08 

.1320-08 

,1050-08 

NH 

.2130-04 

.1900-04 

.1540-04 

.1330-04 

.1150-04 

HNO 

.3350-04 

.2910-04 

.2430-04 

.1870-04 

.1560-04 

Tab'i’e  XVII 


=  .3000  02 

^1 

=  .UOO  01 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

.1080  02 

.1060  02 

.1010  02 

.1010  02 

.1720  02 

.1690  02 

.1650  02 

.1630  02 

Pl/pg 

.6440  00 

.5440  00 

.5440  00 

.5430  00 

^'l 

.1750  01 

.1730  01 

.1720  01 

.1700  01 

.9540  00 

.9430  00 

.9330  00 

.9250  00 

"l 

.5040  01 

.4990  01 

.4940  01 

.4900  01 

M2{fr) 

.9820  00 

.9760  00 

.9710  00 

.9670  00 

Y2(fi') 

.1170  01 

.1180  01 

.1190  01 

.1190  01 
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Table  XVII  (continued) 


n 


Pi 

.13?D  00 

.1050  00 

.7890-01 

.5260-01 

.3950- 

01 

T^/T, 

.1010  02 

.9970  01 

.9870  01 

.9720  01 

.9620 

01 

P^/P, 

.1620  02 

.1610  02 

.1600  02 

.1580  02 

.1570 

02 

P-j  /  p2 

.5430  00 

.5430  00 

.5430  00 

.5430  00 

.5430 

00 

h 

.1700  01 

.1690  01 

.1680  01 

.1670  01 

.1670 

01 

Pa 

.9230  00 

.9190  00 

.9150  00 

.9090  00 

.9040 

00 

.4890  01 

.4870  01 

.4850  01 

.4820  01 

.4800 

01 

M2{fr) 

.9660  00 

.9650  00 

.9630  00 

.9600  00 

.9590 

00 

.1200  01 

.1200  01 

.1200  01 

.1210  01 

.1210 

01 
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Table  XVII  (continued) 


Pi 

.1000  01 

■  .5000  00 

.2500  00 

.1580  00 

cc, 

.3280  02 

.31/0  02 

.3070  02 

.3010  02 

CO 

.2010  02 

.2090  02 

.2160  02 

.2200  02 

.7850  01 

.  .8210  01 

.8540  01 

.8750  01 

0 

.1590  01 

.1810  01 

.2040  01 

.2190  01 

N2 

.3350  02 

.3330  02 

.3320  02 

.3320  02 

N 

.7700-03 

.6880-03 

.6070-03 

.5550-03 

NO 

.2560  01 

.2400  01 

.2230  01 

.2120  03 

NgO 

.3550-03 

.2320-03 

.1500-03 

.1120-03 

NOg 

.2820-02 

.2000-02 

.1410-02 

.1110-02 

HgO 

.6220  00 

.5950  00 

.5690  00 

.5530  00 

OH 

.8070  00 

.8160  00 

.8200  00 

.8200  00 

”2 

.5020-01 

.5250-01 

.5460-01 

.5600-01 

H 

.1640  00 

.1920  00 

.2220  00 

.2440  00 

^2 

.5080-14 

.1860-14 

.6590-15 

.3270-15 

C 

.4040-08 

.2600-08 

.1640-08 

.1190-08 

NH 

.4780-04 

.3510-04 

.2560-04 

.2060-04 

HNO 

,1120-03 

.7480-04 

.4940-04 

,3740-04 

'  4n1OTiPir'^^ 


A  ■  '■  -^fKW 
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Table  XVII  (continued) 


Pi 

.1320  00 

.1050  00 

.7890-01 

.5260-01 

.3950-01 

CO, 

.2980  02 

.2950  02 

.2920  02 

.2870  02 

.2830  02 

CO 

.2220  02 

.2240  02 

.2270  02 

.2300  02 

.2320  02 

^2 

.8820  01 

.8910  01 

.9030  01 

.9180  01 

.9280  01 

0 

.2260  01 

.2340  01 

.2440  01 

.2590  01 

.2700  01 

N, 

.3310  02 

.3310  02 

.3310  02 

.3300  02 

.3300  02 

N 

.5340-03 

.5100-03 

.4800-03 

.4390-03 

.4110-03 

NO 

.2080  01 

.2030  01 

.1960  01 

.1870  01 

.1810  01 

N2O 

.1  000-03 

.8690-04 

.7240-04 

.5590-04 

.4640-04 

NO2 

.1010-02 

.9010-03 

.7750-03 

.6260-03 

.5380-03 

H2O 

.5470  00 

.5390  00 

.5290  00 

.5150  00 

.5060  00 

OH 

.8190  00 

.8180  00 

.8160  00 

.8120  00 

.8090  00 

«2 

.5650-01 

.5710-01 

.5790-01 

.5900-01 

.5970-01 

H 

.2530  00 

.2650  00 

.2800  00 

.3020  00 

.3180  00 

C2 

.2460-15 

.1740-15 

.1110-15 

.5820-16 

.3670-16 

C 

.1040-08 

.8900-09 

.7220-09 

.5350-09 

.4310-09 

NH 

.1890-04 

.1700-04 

.1470-04 

.1210-04 

.1050-04 

HNO 

.3350-04 

.2920-04 

.2450-04 

.1900-04 

.1590-04 

Table  XVIII 


400D 

02 

^1 

=  .1400 

.lOOD 

01 

.5000  00 

.2500  00 

.1580  00 

.104D 

02 

.1020  02 

.9960  01 

.9810  01 

.167D 

02 

.1640  02 

.1610  Oz 

.1590  02 

.546D 

00 

.5450  00 

.5450  00 

.5450  00 

.173D 

01 

.1710  01 

.1700  01 

.1680  01 

.9440 

00 

.9340  00 

.9240  00 

.9170  00 

.4970 

01 

.4920  01 

.4870  01 

.4840  01 

9760 

00 

.9710  00 

.9670  00 

.9640  00 

1190 

01 

.1190  01 

.1200  01 

.1210  01 

-  TOO  - 

Table  XVIII  (continued) 


.1320 

00 

.1050 

00 

.7890 

-01 

.5260 

-01 

.3950 

-01 

T^/T, 

.9750 

01 

.9670 

01 

.9580 

01 

.9450 

01 

.9350 

01 

Vl 

.1580 

02 

.1570 

02 

.1560 

02 

.1540 

02 

.1530 

02 

P,/P2 

.5450 

00 

.5440 

00 

.5440 

00 

.5440 

00 

.5440 

00 

.1680 

01 

.1670 

01 

.1670 

01 

.1660 

01 

.1650 

01 

''2 

.9150 

00 

.9110 

00 

.9070 

00 

9010 

00 

.8970 

on 

.4820 

01 

.4810 

01 

.4790 

01 

.4760 

01 

.4740 

01 

H2(fr) 

.9630 

00 

,9620 

00 

.9600 

00 

.9580 

00 

.9560 

00 

.1210  01  .I21D  01  .1210  01  .1220  01  .1220  01 
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Table  XVIII  (continued) 


Pi 

.1000  01 

.5000  00 

.2500  00 

.1580  00 

C09 

.3000  02 

.2900  02 

.2810  02 

.2760  02 

CO 

.1480  02 

.1550  02 

.1620  02 

.1660  02 

.5720  01 

.6060  01 

.6370  01 

.6570  01 

0 

.9500  00 

.1100  01 

.1270  01 

.1380  01 

Ng 

.4480  02 

-4460  02 

.4450  02 

.4440  02 

N 

.4520-03 

.4150-03 

.3750-03 

.3480-03 

NO 

.2220  01 

.2100  01 

.1980  01 

.1890  01 

N2O 

.349D-C3 

.2300-03 

.1510-03 

.1140-03 

NO2 

.2230-02 

.1610-02 

.1150-02 

.9140-03 

HgO 

.7210  00 

.6930  00 

,6670  00 

.6490  00 

OH 

,6410  00 

.6570  00 

.6690  00 

.6750  00 

.4810-01 

.5090-01 

.5360-01 

.5540-01 

H 

.1170  00 

.1400  00 

.1650  00 

.1830  00 

4 

.8130-15 

.3180-15 

.1200-15 

.6190-16 

C 

.1060-08 

.7170-09 

.4730-09 

.3540-09 

NH 

.3330-04 

.2510-04 

.1870-04 

.1530-04 

HNO 

.9300-04 

.6310-04 

.4240-04 

.3250-04 

ii'ff cwn  'n  f<  * ' 


! 


-  102  - 

Table  XVIII  (continued) 


Pi 

.1320  00 

C02 

.2740  02 

CO 

.1680  02 

02 

.6650  01 

0 

.1430  01 

N2 

.4430  02 

N 

.3370-03 

NO 

.1860  01 

N2O 

.1020-03 

NO2 

.8340-03 

H2O 

.6420  00 

OH 

.6760  00 

H2 

.5600-01 

H 

.1900  00 

C2 

.4740-16 

C 

.3150-09 

NH 

.1410-04 

HNO 

.2920-04 

.1050  00 

.7890-01 

.2710  02 

.2680  02 

.1700  02 

.1720  02 

.6740  01 

.6850  01 

.1490  01 

.1560  01 

.4430  02 

.4420  02 

.3250-03 

.3080-03 

.1820  01 

.1770  01 

.88/0-04 

.7420-04 

.7460-03 

.6450-03 

.6340  00 

.6240  00 

.6780  00 

.6800  00 

.5690-01 

.5790-01 

.2000  00 

.2130  00 

.3410-16 

.2220-16 

.2720-09 

.2240-09 

.1270-04 

.1120-04 

.2560-04 

.2160-04 

.5260-01 

.3950-01 

.2630  02 

.2600  02 

.1760  02 

.1780  02 

.7010  01 

.7110  01 

.1680  01 

.1760  01 

.4420  02 

.4410  02 

.2850-03 

.2700-03 

.1690  01 

.1640  01 

.5760-04 

.4810-04 

.5250-03 

.4530-03 

.6090  00 

.5990  00 

.6820  00 

.6820  00 

.5930-01 

.6030-01 

.2320  00 

.2460  00 

.1210-16 

.7770-17 

.1700-09 

.1390-09 

.9260-05 

.8090-05 

.1690-04 

.1420-04 

FIGURE  CAPTIONS 


FIGURE  1  Detonation  Wave  in 

a)  Laboratory  System 

b)  Stationary  Wave  System 

FIGURE  2  Detonation  velocity  in  (H2“Cl2) 

mixture  at  298°K. 

FIGURE  3  Theoretical  temperature  ratio  in 

detonated  (H2-CI2)  mixture  at  298°K. 

FIGURE  4  Theoretical  pressure  vt  0  in 

detonated  (H2-CI2)  mixture  at  298°K. 

FIGURE  5  Theoretical  Mach  number  in  detonated 

^^2"^^2^  mixture  at  298°K. 

FIGURE  6  Theoretical  HCl  mole  percent  in 

detonated  (H2-CI2)  mixture  at  298°K. 

FIGURE  7  Detonation  velocity  in  detonated 

(CS2-O2)  mixture  at  298°K. 

FIGURE  8  Theoretical  temperature  ratio  in 

detonated  (CS2-O2)  mixture  at  298°K. 
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FIGURE  9 


FIGURE  10 


FIGURE  11 


FIGURE  12 


FIGURE  13 


FIGURE  14 


FIGURE  15 


FIGURE  16 


FIGURE  17 
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Theoretical  pressure  ratio  in 
detonated  (CSg-Og)  mixture  at  298°K. 

Theoretical  Mach  number  in  detonated 
{CS2-O2)  mixture  at  298°K. 

Theoretical  detonation  velocity  in 
(CS2-O2)  mixture  at  298°K. 

Theoretical  temperature  ratio  in 
detonated  {CS2-O2)  mixture  at  298°K. 

Theoretical  pressure  ratio  in 
detonated  (CS2-O2)  mixture  at  298‘^K. 

Theoretical  detonation  Mach  number 
in  (CS2-O2)  mixture  at  298°K. 

Theoretical  CO2  mole  percent  in 
detonated  (CS2-O2)  mixture  at  298°K. 

Theoretical  SO2  mole  percent  in 
detonated  (CS2-O2)  mixture  at  298°K. 

Theoretical  SO  mole  percent  in 
detonated  (CS2-O2)  mixture  at  298°K. 
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FIGURE  18 


FIGURE  19 


FIGURE  20 


FIGURE  21 


FIGURE  22 


FIGURE  23 


FIGURE  24 


FIGURE  25 


Theoretical  cO  niole  percent  in 
detonated  (CSg-Og)  mixture  at  298*^K. 

Theoretical  Sg  mole  percent  in 
detonated  (CS2-O2)  mixture  at  298°K. 

Detonation  velocity  in  2(H2  +  CO)  +  O2 
mixture  at  one  atmosphe^’e  and  298°K. 

Theoretical  detonation  temperature 
ratio  in  2(H2  +  CO)  +  O2  mixture  at 
one  atmosphere  and  298°K. 

Theoretical  detonation  pressure  ratio 
in  2(H2  +  CO)  +  O2  mixture  at  one 
atmosphere  and  298°K. 

Theoretical  detonation  Mach  number  in 
2(H2  +  CO)  +  O2  mixture  at  one 
atmosphere  and  298°K. 

Theoretical  CO2  and  CO  mole  percents 
in  detonated  2(K2  +  CO)  +  O2  mixture 
at  one  atmosphere  and  298*^K. 

Theoretical  detonation  velocity  in 
(CO-H2-O2-N2)  mixture  at  298°K. 


FIGURE  26 


FIGURE  27 


FIGURE  28 


FIGURE  29 


-  106-^ 

Theoretical  temperature  ratio  in 
detonated  (CO-H2-O2-N2)  mixture  at 
298°K. 

Theoretical  pressure  ratio  in 
detonated  (C0-H2“02-N2)  mixture 
at  298°K. 

Theoretical  detonation  Mach  number 
in  (CO-H2-O2-N2)  mixture  at  298°K. 

Theoretical  CO2  and  CO  mole  percents 
in  detonated  (CO-H2-O2-N2 J  mixture  at 
298°K. 
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0.  LABORATORY  SYSTEM 


b.  STATIONARY  WAVE  SYSTEM 


FIG.  1 
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DETONATION  VELOCITY  (km/  sec) 
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PRESSURES  P|  IN  ATM. 


DETONATION  MACH  NO. 


FIG.  12 
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